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ABSTRACT
The dissertation study has undertaken research in two areas: (1) development of
Cu2ZnSnS4 (CZTS) thin film photo-absorber using low-cost fabrication technique for rollto-roll commercial production for photovoltaic application, and (2) development of
enriched lithium-doped amorphous selenium alloy film, a new solid-state detector material
for neutron detection.
In this study CZTS thin film was developed by employing low-cost, highthroughput spray pyrolysis technique, followed by sulfurization under a 5% H2S flow at
550°C. Characterization of deposited films revealed better structural, compositional, and
optical properties for sulfurized film compared to as-deposited film. The ‘sulfurized’ CZTS
films deposited at 380°C substrate temperature were used for fabrication of CZTS/CdS
heterojunction solar cells. The champion cell exhibited an open-circuit voltage (V OC) of
509 mV, a short-circuit current density (J sc) of 11.8 mA/cm2, and a fill factor 0.362,
resulting in a total area efficiency of 2.17% under AM 1.5G illumination measured at 297K.
Further investigation revealed that presence of both low shunt resistance and high series
resistance degraded fill factor and consequently efficiency of the solar cell.
Feasibility of a new thermal neutron detector based on lithium-doped a-Se (As, Cl)
semiconductor film was investigated. Monodispersed alloy materials with up to 28 a/o
lithium doping concentration were synthesized. Alloy films up to an area of 1010 cm2
with a thickness of ~500 m were fabricated. Physical and optical properties such as
crystalline structure, melting point, crystallization temperature, stoichiometry, energy
vi

bandgap were determined for the grown alloy using a series of characterization techniques.
Current-voltage (I-V) characteristics showed ~1012 Ω-cm resistivity with very low leakage
current (~1 nA at ~1000V). Device with Al/Al2O3 layer as an electron-blocking layer
and/or Sb2S3 as a hole-blocking layer further reduced the leakage current of the device and
improved performance by controlling carrier transport. Nuclear testing with high-energy
alpha (241Am) and neutron (252Cf) sources showed specific signature of thermal neutrons
for the first time with enriched Li-doped a-Se alloy.
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CHAPTER 1
OVERVIEW OF THE DISSERTATION
The dissertation study is divided into two research areas: (1) development of
Cu2ZnSnS4 thin film solar cell array for photovoltaic application and (2) development of
enriched lithium (6Li) doped amorphous selenium (a-Se) thin film for thermal neutron
detector. For both semiconductor device applications, a comprehensive investigation has
been undertaken on the growth of semiconductor thin films, subsequent characterizations
of the thin films, device fabrication, and finally application-specific device evaluation. The
research is described in the dissertation Chapter 2 and Chapter 3, respectively. Each of
these chapters are divided into multiple sections, providing an introduction, a discussion
on the merit of fabricated devices compared to the current existing devices, thin film
growth experiments, thin film characterization results, description of device fabrication and
operation principle followed by results of device testing.
Copper-zinc-tin-sulfide (Cu2ZnSnS4, henceforth known as CZTS) thin film solar
absorber material was developed using a low-cost fabrication technique for photovoltaic
solar cell application. CZTS has recently emerged as a potential alternative to leading thinfilm solar cells based on CIGS and CdTe absorbers, which use rare and expensive elements,
such as indium (In), gallium (Ga), tellurium (Te), and toxic cadmium (Cd), severely
limiting industrial mass production. CZTS is a Cu-based quaternary kesterite compound
comprising of earth-abundant and environmentally benign constituent elements: copper
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(Cu), zinc (Zn), tin (Sn), and sulfur (S). A low-cost chemical deposition method, spray
pyrolysis followed by sulfurization, has been used to fabricate CZTS thin films on sodalime-glass (SLG) and molybdenum (Mo) coated SLG glass substrates. Solar cell array was
fabricated on grown CZTS thin film for photovoltaic application. A photovoltaic device
based on low-cost, non-toxic photo-absorber material and developed by low-cost
fabrication method will be economically competitive to the conventional energy from fossil
fuels, and will support terawatt (TW)-scale power generation for sustainable energy future.
Chapter 2 describes the investigation on CZTS thin film solar cells. First, a brief
discussion is provided addressing the role of photovoltaic solar cells in energy
sustainability. Next, current benchmark thin film solar cells and merits of CZTS as an
alternative thin-film solar absorber material are described.

Next section illustrates

fabrication of the CZTS thin film using simple and low-cost spray pyrolysis method
followed by sulfurization at high temperature. This section describes different steps of
fabrications along with optimization of different deposition parameters.

Structure,

composition, and morphological analysis of the grown CZTS absorber films studied by xray diffraction (XRD), energy dispersive analysis by x-rays (EDX), x-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), and scanning electron microscopy
(SEM) are presented in the subsequent sections. Next CZTS/CdS heterojunction solar cell
structure, fundamental operating principles, and fabrication processes are presented.
Finally, details of CZTS/CdS heterojunction solar cell characterization and performance
evaluation under simulated AM1.5G solar spectrum are described.
In the second part of the dissertation study, large-area enriched lithium ( 6Li) doped
amorphous selenium (a-Se) semiconductor thin film were fabricated using thermal
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evaporation and characterized for their morphological, structural and optical properties.
These Li-doped a-Se alloy films were used to fabricate planar Schottky devices with metalsemiconductor-metal configuration for thermal neutron detection application.

High-

efficiency thermal neutron detectors with compact size, low power-rating, and high spatial,
temporal and energy resolution are essential for applications in nuclear accounting and
safeguard, nuclear waste monitoring, process monitoring and reactor instrumentation in
nuclear power plants. The existing neutron detection system based on helium ( 3He) gas
proportional counters are limited by their size, stability of response, and speed of response.
Furthermore, there is a worldwide shortage in the supply of 3He to meet the increased
demand in nuclear research and homeland security applications. The Li-doped a-Se based
“solid-state” device addresses these concerns by providing an alternative detector structure
for neutron detection without the requirement of 3He.
Chapter 3 presents the experiments carried out to develop Li-doped a-Se thin-film
based solid-state neutron detector. Within this chapter, first section provides a brief review
of existing neutron detector and properties of a-Se alloy. Next, synthesis of Li-doped a-Se
alloy growth in a specially designed alloying reactor is described. The experiments carried
out for optimization of alloy composition and thin film preparation by thermal evaporation
to obtain large area (100 cm2) and thick (up to 500 m) Li-doped a-Se alloy films on ITO
coated glass and aluminum substrates are presented. The subsequent section describes
results of morphological, structural, optical, and elctrical characterizations using Raman
spectroscopy, scanning electron microscopy (SEM), x-ray diffraction (XRD), glow
discharge mass spectroscopy (GDMS), x-ray photoelectron spectroscopy (XPS), optical
absorption study, electron beam induced current (EBIC) analysis, and current-voltage (I-V)
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measurements. Next section includes Schottky contact studies with metals of various work
functions, using single layer planar metal-semiconductor-metal (MSM) device
configuration, to analyze optoelectronic device performance.

Next section provides

neutron detector fabrication and mode of operation. Finally, neutron detector performance
evaluation using high-energy alpha particles (241Am) and neutron (252Cf) sources is
described and detection resolution measured from pulse height spectra (PHS) is presented.
Chapter 4 concludes the research carried out in this dissertation study summarizing
the crucial results. This section also provides some suggestions for future work.
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CHAPTER 2
CZTS HETEROJUNCTION THIN FILM SOLAR CELL
2.1 INTRODUCTION
Fossil fuel sources such as natural gas, coal and petroleum remain the primary
energy sources that are used to meet the world’s energy demand. According to the US
Energy Information Administration (EIA) fossil fuel provided 80% of the world’s total
energy demand in 2017 [1]. However, dwindling resources, environmental impacts, and
increased energy consumption due to population growth led to development and
deployment of different renewable sources including photovoltaic (PV) solar cells. In 2018
report, International Energy Agency (IEA) forecasted that the share of renewable energy
would grow 12.4% in the next five years. IEA estimated that PV solar energies would
supply 8% of global electricity demand by 2023 and 11% by 2050 reducing 2.3 gigatonnes
of CO2 emissions per year [2]. IEA estimates covering only ~0.1% of earth’s surface area
with 10% efficient cells can meet the projected ~18 terawatt (~18 TW or 18x1012 Watt)
electricity demand in 2030 [3].
Currently, >80% installed PV solar panels are based on crystalline silicon (c-Si)
solar cells which provide 14-26% efficiency [4]. The highest efficiency achieved with
mono-crystalline silicon solar cell was reported to be ~32%, which is close to the ShockleyQueisser theoretical limit of 33.7% for single solar cells [5]. Crystalline Si solar cells
technology, although most advanced, are expensive since large amount of highly purified
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materials (99.9999999% crystal purity for mono-crystalline Si solar cells) are needed.
Furthermore, silicon with an indirect bandgap of 1.12 eV has relatively low absorption
coefficient and is not an optimal solar absorber material for PV applications. Crystalline
Si solar cell thus need a thick (200 – 500 µm) absorbing layer to completely absorb solar
spectrum, which increases the cost of solar cell in industrial mass production.
Consequently, thin film solar cell (TFSC) technology has been emerged using
direct bandgap semiconductors. The solar absorber layer in these thin-film solar cells are
generally a few microns (1-3 µm), much thinner than the conventional crystalline silicon
solar cell and hence less materials are used making TFSC less expensive compared to c-Si
solar cells. Thin film solar cells can be fabricated by a variety of low-cost deposition
techniques providing potential for more affordable solar cells and can be made flexible and
applied to different types of surfaces (metal, plastic, glass, fabric) ideal for buildingintegrated solar panels. High efficiency has been achieved with TFSC technology in recent
years and cost has decreased from $0.77/Wp to $0.53/Wp increasing total PV production
from 14% to 26% over the past five years [6].
Current leaders in TFSC technology are cadmium telluride (CdTe) and copper
indium gallium di-selenide (CIGS) solar cells with highest recorded efficiency of 19.6%
and 20.8%, respectively, for single cell laboratory-scale devices [7]. Despite this success,
several issues are impeding the mass-scale deployment of these thin-film solar cells.
Among these issues, most concerning is high material cost due to low abundance of
elemental materials indium (In), gallium (Ga), and tellurium (Te) [8] [9]. US Department
of Energy (DOE) and the European Commission (EC) have characterized the supply of
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these elements as critical [10] [11]. Another important issue, especially for CdTe solar
cell, is health and environment hazard due to toxicity of Cd [12].
Hence, an increased research effort is focused on the development of alternative
TFSC where solar absorber material will be composed of earth-abundant non-toxic
elements and thin films could be fabricated using low-cost, less-complex technologies that
can be scaled up easily for industrial mass-production. This will bring the cost of TFSC
PV module down, making the solar energy more competitive in respect to the conventional
energy sources from fossil fuel, and support tera-watt (TW) scale energy generation by PV
solar cell technology as expected by 2030. To address this goal, in this dissertation,
investigation has been conducted using copper zinc tin sulfide (Cu 2ZnSnS4 or CZTS) solar
absorber material as an alternative to CIGS and applying low cost spray pyrolysis
technology for thin film fabrication.
2.2 MERIT OF CZTS IN SOLAR CELL APPLICATION
Cu2ZnSnS4, CZTS is a Cu-based quaternary (I2-II-IV-VI4) compound with kesterite
structure (space group I4) and is comprising of earth-abundant and environmentally benign
constituent elements: copper (Cu), zinc (Zn), tin (Sn), and sulfur (S). The I2-II-IV-VI4
quaternary compound could be derived from II-VI compounds such as ZnS with zincblende crystal structure by replacing atom of group II (Zn) with atoms of Group I (Cu) and
Group III (Sn). Figure 2.1 shows the kesterite crystal structure of CZTS where the cations
are located at the tetrahedral sites and are periodically arranged in Cu-Sn, Cu-Zn, Cu-Sn,
Cu-Zn fashion along the c-axis with one Cu and Sn atoms located at 2a and 2b positions
and second Cu and Zn atoms located at 2c and 2d positions [13] [14].
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CZTS has a tunable direct bandgap of 1.0-1.5 eV at 300K with a large optical
absorption coefficient (=104 cm-1) and an intrinsic p-type conductivity making it an ideal
solar absorber material [15] [16] [17]. The resistivity of CZTS material is reported to be
in the range of 0.001 to 0.1 Ω-cm with hole concentration between 10 16 and 1018 cm-3 [18]
[19]. All constituent elements in CZTS are inexpensive due to their abundant reserve in
earth’s crust (Cu: 68 ppm, Zn: 79 ppm, Sn: 2.2 ppm, and S: 420 ppm) compared to
benchmark CIGS or CdTe solar cells (Ga: 18 ppm, Cd: 0.15 ppm, In: 0.05 ppm, and Te:
0.005 ppm) [20]. A comparison of recent cost of the constituent elements for CZTS (Cu,
Zn, Sn, and S) and CIGS (Cu, In, Ga, and S/Se) show that annual production of Zn and Sn
is 20 times and 340 times more, respectively, compared to In [21]. Consequently, the price
of In is ~ 500 USD/kg and rising, where the price for Zn and Sn is only ~ 5 USD/kg and
~12 USD/kg, respectively [22].

Figure 2.1 Crystal structure of kesterite (space group I4) CZTS quaternary
compound [23].

The limit of maximum theoretical efficiency of a single junction solar cell can be
estimated from the detailed photon balance equations developed by Shockley and Queisser.
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The Shockley-Queisser efficiency limit of a solar cell can be derived from the maximum
efficiency curve as a function of photo-absorber material’s bandgap as shown in Figure 2.2.
The efficiency curve shows that maximum theoretical performance is achieved with a
semiconductor having bandgap in the range of ~1.2-1.5eV and the bandgap of CZTS is in
this range. The theoretical Shockley-Queisser efficiency limit for of a single junction
CZTS solar cell is estimated to be ~32% similar to that of CIGS solar cells. Thus, CZTS
has potential to provide optical and electrical performance similar to the benchmark CIGS
thin film solar cells, but at a very low material cost.

(1.0-1.5 eV)

Figure 2.2 The maximum theoretical efficiency curves of a single
junction solar cell as a function of photo-absorber bandgap calculated
from Shockley-Queisser detailed photon balance equations.

2.3 CZTS THIN FILM PREPARATION
2.3.1 Different Deposition Techniques Used to Prepare CZTS Thin Films
Over the past decade several fabrication routes have been investigated for the
preparation of CZTS and CZTSe thin films such as vacuum based thermal evaporation [15]
9

[17] [19] [24] [25] [26], e-beam evaporation [27], sputtering techniques, [28] [29] [30],
electro deposition, [31] [32] [33], hydrazine based solution-particle slurry [23] [34] [35],
and chemical vapor deposition [36]. In semiconductor industry, vacuum-based physical
vapor deposition (PVD) method is an established cost-effective technique to grow high
quality thin films. The best efficiency reported for CZTS solar cell fabricated using
vacuum evaporation technique is about 8.4% [37]. In our lab, CZTSSe thin film absorber
layer were prepared using a two-step process. First vacuum-based thermal evaporation was
used to form ZnS/Cu/Sn stacked precursor and then this stacked precursor was annealed
under a mixed sulfur and selenium vapor at 550˚C to form CZTSSe film. The efficiency
of these thin films heterojunctions (with n-CdS) solar cells were ~ 4.06% without any
antireflection coating [38]. CZTS absorber film was also realized using electro-deposition
(a chemical vapor deposition without the need of vacuum) where first stacks of Cu/zn/Sn
was electro-deposited followed by annealing at 350˚C und N2 gas and then annealing at
550-590 ˚C in sulfur vapor. The produced CZTS films were crystalline and the efficiency
of fabricated heterojunction thin films solar cell was reported to be 7.3% [39]. A very high
efficiency of 12.6% has been reported for CZTSSe solar cells with CZTS thin film prepared
using hydrazine-based solution-particle slurry [35]. However, this process will not be
suitable for commercial mass production as hydrazine solution is highly toxic and
hazardous.
2.3.2 Spray Pyrolysis Deposition Technique
In this dissertation work, spray pyrolysis deposition techniques was used to
fabricate CZTS solar absorber thin films. Spray pyrolysis is a simple, low-cost, chemical
deposition technique that can be used to fabricate large-area semiconductor thin films
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enabling high throughput production for commercial solar panels at reduced cost. The film
properties can be controlled easily by varying the deposition parameters for solution
conditions (precursor concentration, pH, solvent etc.) and for system (carrier gas, substrate
temperature, substrate distance from the source, pressure and time of spraying, cooling rate
after deposition, etc.).
Nakamaya and Ito first reported using spray pyrolysis to deposit CZTS thin
film [40]. Studied are the effect of substrate temperature, pH, copper salt and thiourea
(source of sulfur) concentrations on spray-deposited CZTS films [41] [42]. Rajeshmon et
al have recently reported fabrication of a heterojunction on sprayed CZTS [43]. They
fabricated a CZTS/In2S3 p–n junction via spray pyrolysis and obtained an open circuit
voltage (VOC) of 380 mV and a short-circuit current density (J SC) of 2.4 mA/cm2.
However, all reports on sprayed CZTS films indicated significant sulfur deficiency
in the as-deposited films, which is a major barrier to realize high quality photovoltaic grade
CZTS films by spray deposition. None of the literature reports thoroughly studied the
effects of post-deposition sulfurization on spray deposited CZTS films. It is therefore
important to investigate and optimize the film deposition parameters, post-deposition
processing techniques and heterojunction properties for the development of low-cost and
large-area sprayed CZTS solar cells with high efficiency in future.
2.3.3 CZTS Thin Film Deposition Using Spray Pyrolysis
In this dissertation work, CZTS thin film was deposited on soda-lime glass (SLG)
and Mo-coated SLG substrates using a low-cost spray pyrolysis technique followed by
sulfurization under H2S flow at 550°C. The influence of selected deposition parameters
was investigated to optimize deposition technique and to correlate film properties with the
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growth parameters. The high quality CZTS thin films were then used as solar absorber
layer for p-CZTS/n-CdS heterojunction solar cells. This section describes the experimental
details of the film preparation, which include: (i) substrate preparation, (ii) precursor
solution preparation, (iii) film deposition, and (iv) sulfurization.
The glass substrates were prepared before film deposition to ensure surface
uniformity and improved adhesion. Substrates were first sonicated in acetone to remove
grease and dust, rinsed with deionized water to remove any trace of acetone, and then dried
by blowing nitrogen (N2) gas. For CZTS (copper-zinc-tin-sulfide) thin film, chloride salts
were used as the precursor materials for cations: copper chloride (CuCl 2) as a source for
copper, zinc chloride (ZnCl2) as a source for zinc, and stannic chloride (SnCl 4) as a source
for tin. Thiourea (CS(NH2)2) was used as a source for sulfur. An aqueous precursor
solution prepared using 0.02M cuprous chloride (CuCl 2), 0.01M zinc chloride (ZnCl2),
0.01M stannic chloride (SnCl4) and 0.05M thiourea dissolved in deionized water
(ρ = 18 MΩ-cm) was used for the spray deposition of CZTS thin films. Since sulfur is very
volatile at increased temperature, excess thiourea was used to compensate for the loss of
sulfur during pyrolysis at elevated temperature.
Spraying was accomplished using Iwata CM-C precision atomizing spray nozzle
and compressed air at 40 PSI was used as the carrier gas. Figure 2.3 shows a simple
schematic of spray pyrolysis system. Substrates were mounted on an aluminum base
attached to a heating element. Substrate temperature was precisely controlled (± 5°C)
using an Omega CN3000 controller and the temperature was monitored by a thermocouple
placed near the substrate. For CZTS thin film depositions, nozzle to substrate distance was
kept constant at ~18 cm. Spray depositions were carried out at three different substrate
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temperatures of 300°C, 380°C and 450°C respectively.

Since substrate temperature

decreases with continuous spray deposition, intermittent spraying was carried out with a
flow rate of 2.0-3.5 ml/min to maintain substrate temperature. After film deposition, the
substrates were cooled down slowly to room temperature while remained on the substrate
holder to avoid any thermal stress.

Figure 2.3 Schematic of a spray pyrolysis system.

As-deposited CZTS films were further treated under H2S using an in-house built
sulfurization setup. A schematic and a picture of the sulfurization and annealing setup are
shown in Figure 2.4 (a) and (b) respectively. The sulfurization setup consisted of a
horizontal quartz tube furnace where deposited films were loaded into the quartz chamber
inside the furnace. The chamber was evacuated with a mechanical pump and then purged
with dry HP argon to eliminate any residual oxygen in the chamber. The temperature
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profile of the sulfurization process is shown in Figure 2.4 (c). Sulfurization was carried
out at 550°C under 5% H2S in HP N2 (flow rate: 10 sccm) for five hours. During the ramp
down cycle, H2S was replaced by argon at 300°C and the furnace was turned off and
naturally cooled down to room temperature.

(b)

(a)

Exhaust

(c)

Figure 2.4 (a) Schematic of the sulfurization and H2S annealing setup, and (b) a photograph
of the annealing furnace, and (c) temperature profile of the sulfurization process.
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2.4 CZTS THIN FILM CHARACTERIZATION
2.4.1 Scanning Electron Microscopy
Surface morphology of deposited CZTS thin films were studied by scanning
electron microscopy (SEM) with a FEI Quanta SEM. In SEM technique, the sample is
subjected to the electron beam; these ‘primary’ electrons interact with sample surface
atoms, producing ‘secondary’ electrons that are collected and signals are then translated to
construct SEM image. The emission of secondary electrons depends on the composition
and topography of the sample surface, thus SEM provides an image of surface
microstructures and crystallographic defects or irregularities such as grain boundaries,
twins, and dislocations generated during deposition process.

For this microscopic

technique, electromagnets rather than optical lenses are used for focusing.
Surface microstructures of all CZTS films deposited at different substrate
temperatures (300°C, 380°C and 450°C) were investigated by SEM before and after
sulfurization under H2S at 550°C. SEM image showed as-deposited film surfaces were
initially rough and contained big particulates, but individual grains merged together and
formed a smoother surface after sulfurization. Figure 2.5 (a) shows a typical surface SEM
micrograph of CZTS film as-deposited by spray pyrolysis at 380°C substrate temperature.
The SEM image of the same film after sulfurization, presented in Figure 2.5 (b), showed
crystallinity, grain sizes, and surface roughness improved after sulfurization. Of the three
substrate-temperatures investigated for film deposition, best film morphology was obtained
for the films deposited at 380°C and after sulfurization. Films deposited at 300°C showed
small discrete grains, while films deposited at 450°C contained big particulates. The white
particles in the SEM image correspond to Cu-rich areas, possibly due to the formation of
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binary CuxS compounds. It was observed that after sulfurization the concentration of these
particles are reduced significantly. CZTS being a quaternary compound, it is possible that
binary sulfides (such as ZnS, CuxS or SnSx) and ternary sulfide (such as CuxSnSy) could
be formed during deposition of CZTS film. These secondary phases could reduce opencircuit voltage (VOC), decrease shunt resistance (RSH), or increase series resistance (RS)
leading to inferior performance of CZTS solar cell [44] [45].

Figure 2.5 (a) Scanning electron microscopy image of CZTS film as-deposited by spray
pyrolysis at 380°C substrate temperature; (b) corresponding film after sulfurization
under H2S at 550°C.
2.4.2 Energy Dispersive X-ray Spectroscopy
Elemental composition and stoichiometry of the CZTS films (as-deposited and
post-sulfurization) were examined using energy dispersive x-ray spectroscopy (EDX). In
this technique, high-energy electron beam from SEM is used to excite the sample material
in order to generate x-ray photons. The energies of these x-rays are distinctive of the
elemental atoms within the sample material contributing to the characteristic peaks on the
EDX spectra. The concentration of individual element is then determined by integration
of corresponding peak.
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EDX was performed with FEI Quanta 200 SEM equipped with XL30 EDX model.
A typical EDX spectrum for CZTS thin film is presented in Figure 2.6. The calculated
elemental ratios for CZTS films deposited using three substrate temperatures (300°C,
380°C and 450°C) are shown in Table 2.1 along with the data for corresponding films after
sulfurization. From EDX data, it was observed that as-deposited CZTS (Cu 2ZnSnS4) films
were sulfur deficient and copper rich. After sulfurization, the copper content was reduced
for all films and sulfur content was increased, making the films more stoichiometric,
especially for the CZTS films deposited at 300°C and 380°C.

Departure from the

stoichiometry was most prominent for CZTS film deposited at high temperature of 450°C
even after sulfurization.

Figure 2.6 A typical EDX spectrum of CZTS thin-film.

The elemental ratios calculated using EDX data for sulfurized CZTS films are
tabulated in Table 2.2. In literature it is reported that the high efficiency CZTS solar cells
are found to have Cu-poor and slightly Zn-rich composition and an elemental ratio of
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0.8-0.9 for Cu/(Zn+Sn) and 1.1-1.2 for Zn/Sn worked best for solar cell performance [46].
Hence, CZTS thin film deposited at 380°C seems most promising for better solar cell
performance as these films became slightly Cu-poor and Zn-rich after sulfurization.
Table 2.1 Elemental compositions of as-deposited and post-sulfurization
CZTS films prepared at different substrate temperatures
Sample

Cu (at%)

Zn (at%) Sn (at%)

S (at%)

300°C (as deposited)

27.83

11.20

14.79

46.28

300°C (sulfurized)

21.86

10.87

11.60

55.67

380°C (as deposited)

28.16

12.12

12.03

47.69

380°C (sulfurized)

21.85

11.88

11.08

55.20

450°C (as deposited)

38.09

14.87

15.60

31.44

450°C (sulfurized)

31.86

13.10

11.55

43.49

Table 2.2 Elemental ratios of Cu/(Zn+Sn) and Zn/Sn in the CZTS films
deposited at 300°C, 380°C, and 450°C and after sulfurization.
CZTS Film

Cu/(Zn+Sn)

Zn/Sn

300°C (sulfurized)

0.97

0.94

380°C (sulfurized)

0.95

1.07

450°C (sulfurized)

1.29

1.13

2.4.3 Atomic Force Microscopy
Further morphological study was carried out by atomic force microscopy (AFM)
using Agilent Picoplus AFM system in tapping mode. AFM images of the as-deposited
and sulfurized CZTS films prepared at 380°C substrate temperature is shown in Figure 2.7.
The size of the scanned area was (25x25) μm2. The average roughness was estimated using
Nanotec Scanning Probe Microscopy software (ver. 5.0) for these films. The AFM image
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of the as-deposited film surface reveal irregular structure; after H2S treatment, films
showed formation of closely packed grains ranging 350-500 nm in dimension.

Figure 2.7 AFM micrographs of CZTS films: (a) as-deposited and
(b) post sulfurization under H2S.

2.4.4 Optical Absorption Spectra
Optical absorption was carried out to confirm energy bandgap (Eg) and optical
absorption coefficient () of the deposited CZTS thin film absorber layers. Optical
transmittance and reflectance data were recorded using a Perkin Elmer Lambda 750
spectrophotometer.

From the measured transmittance and reflectance data, optical

absorption coefficient was calculated using following equation [47].
 (1  R ) 4  4T 2 R 2  (1  R ) 2
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(2.1)

Where, α is the absorption co-efficient, t is the thickness of the film, Rλ and Tλ are
the reflectance and transmittance values, respectively, at a wavelength λ. The deduced
absorption co-efficient values were greater than 104 cm-1 for all CZTS films in the visible
range of wavelength, which is in agreement with the theoretical and reported value. Energy
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bandgap of CZTS films were determined using following formula for direct bandgap
semiconductors:

 .h  A(h  Eg )1 / 2

(2.2)

where, h is Planck’s constant,  is the frequency of light, Eg is the bandgap of the
semiconductor and A is a constant. By extrapolation of the linear region of (αhν) 2 vs. hν
plot to (αhν)2 = 0 and taking intercept at the x-axis, bandgap was determined as shown in
Figure 2.8. All films, after sulfurization, showed an optical bandgap within a range of
1.4 - 1.55 eV, however, without sulfurization the effective bandgaps were >1.6 eV. This
indicates presence of binary or ternary sulfide such as Cu xS, SnSx, and/or CuxSnSy.

As deposited

(h)2 × 109 (eV/cm2)

Sulfurized

h (eV)
Figure 2.8 Optical absorption spectra, (αhν)2 vs. photon energy
(hν), of CZTS films deposited at 380°C substrate temperature
showing bandgap of 1.64 eV for as–deposited film and a 1.55 eV
after sulfurization.
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2.4.5 X-ray Diffraction
X-ray diffraction (XRD) analysis was carried out for structural characterization
using a Rigaku x-ray diffractometer (Cu-Kα radiation, 0.15406 nm). X-ray diffraction uses
x-ray photons that interact with sample atoms and depending on materials crystalline
structure either diffracted or transmitted. Since materials have varying lattice spacing,
arrangement, and composition, they diffract the incoming x-ray photon at different angles.
These angles are plotted with respect to their intensities to obtain XRD patterns as shown
in Figure 2.9. The sharp peaks in XRD pattern for both as-deposited and sulfurized CZTS
films indicate excellent crystalline structure of the deposited CZTS film. Strong diffraction
peaks were observed at 2 angles of 18.1˚, 28.5˚, 32.9˚, 47.4˚, and 56.3˚ corresponding to
(101), (112), (200), (204/220), and (312) crystal planes of CZTS kesterite structure with a
preferred orientation along [112] direction. In addition, reflection peaks corresponding to
(002), (110) and (211) crystal planes were observed. Kesterite CZTS with tetragonal
structure was confirmed by reference diffraction pattern card, JCPDS # 00-026-0575.
Formation of other secondary phase impurities were not observed by XRD analysis.
(a)

(b)

Figure 2.9 X-ray diffraction (XRD) patterns: (a) as-deposited and (b) sulfurized CZTS
films prepared at TS = 380°C. In both cases CZTS films exhibited kesterite structure with
a preferred orientation along [112].
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2.4.6 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) measurement, a surface characterization
technique, was carried out on the deposited CZTS films to identify the electronic states of
the constituent elements. In this characterization technique, surface of sample material is
excited with a monochromatic x-ray photon source of known energy, hν; consequently,
elemental atoms get ionized and electrons are emitted from the atomic orbit inner shell into
the vacuum according to the following equation [48]:
=ℎ −

(2.3)

Where, Ek is the kinetic energy of the emitted photoelectron, hν is the photon
energy, and Eb is the binding energy of the emitted electron. All elements have specific
binding energies associated with its atomic orbit. Thus, the emitted photoelectrons will
exhibit characteristic peaks in the XPS spectrum at the kinetic energies E k depending on
the incident x-ray photon energy hν. From the binding energies of photo-induced electrons,
elements present in the sample material and related electron core levels can be identified.
XPS measurement was performed using a Kratos AXIS Ultra DLD XPS system
equipped with a hemispherical energy analyzer and a monochromatic Al Kα source with
photoenergy, hν = 1486.6 eV. The Al Kα source was operated at 15 keV and 150 W
incident on surface at 45° with respect to the surface normal. The pass energy was at 40 eV
and a high performance charge neutralizer was used to compensate for the sample surface
charge. The sample chamber was under ultra-high vacuum of 2×10 -9 torr. The binding
energy of the analyzer was calibrated with an Ag foil and the reproducibility of spectra
were assured by multiple scanning cycles to reach accuracy better than ±0.05 eV.
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XPS survey spectrum of sulfurized CZTS thin film deposited at 380˚C is presented
in Figure 2.10.

The spectrum shows core level photoelectron peaks from all four

constituent elements – Cu (2s, 2p, 3p), Zn (2p, 3s), Sn (3p, 3d, 4d), and S (2s, 2p). In
addition, Auger peak was identified for Zn. The spectrum also exhibited small peaks of
carbon (C) and oxygen (O) indicating presence of these elements, which are unavoidable
since they are present in the ambient environment during handling of the samples before
loading for characterization. All these photoelectron peaks are identified in the shown XPS
survey spectrum (Figure 2.10). No other foreign impurities were observed from the survey
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Figure 2.10 XPS survey spectrum of sulfurized CZTS thin film deposited at 380˚C.

High-resolution XPS spectra of Cu 2p, Zn 2p, Sn 3d, and S 2p orbital core levels
were obtained using sulfurized CZTs film deposited at 380°C to determine the oxidation
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states of the constituent elements. These spectra, presented in Figure 2.11, show 2p core
levels of Cu and Zn, and 3d core level of Sn were split into two spin orbitals — 2p1/2, 2p3/2,
and 3d3/2, 3d5/2, respectively; however, S 2p core level peaks were merged together. The
photoelectron peak positions (eV) of orbital core levels, energy difference (E) of the split
orbital core level peaks, and corresponding oxidation states of the constituent elements are
summarized in Table 2.3. Accuracy of the peak positions is within ± 0.05 eV. The XPS
data suggested presence of Cu (I), Zn (II), Sn (IV), and S (II) oxidation states.

Figure 2.11 High-resolution core level XPS survey spectra of compositional elements in
sulfurized CZTS thin film deposited at 380˚C.
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Table 2.3. Summary of core level peak parameters determined by high resolution XPS.
Energy level

Binding energy,
(eV)

Peak separation
(E), (eV)

Oxidation State

Cu 2p1/2

950.18

19.46

Presence of Cu (I)

Cu 2p3/2

930.72

Zn 2p1/2

1044.48

23.07

Presence of Zn (II)

Zn 2p3/2

1021.41

Sn 3d3/2

494.50

8.45

Presence of Sn (IV)

Sn 3d5/2

486.05

S 2p1/2

162.94

1.70

Presence of S (II)

S 2p3/2

161.24

O 1s

532.14

C 1s

284.56

2.5 CZTS/CDS HETEROJUNCTION DEVICE FABRICATION
2.5.1 Heterojunction Solar Cell Structure and Operating Principle
Both homo-junction (crystalline Si solar cell, C-Si) and hetero-junction solar cell
(CIGS, CZTS, etc.) use p-n junction configuration for the basic device, and thus have
fundamentally similar operating principle. However the difference is that in homojunction
same material (for example C-Si) is used for both p- and n- sides, whereas in heterojunction
different p-type and n-type materials are used to form the junction. For example, in CIGS
heterojunction solar cell is comprised of p-type CIGS absorber layer and n-type CdS
window layer.
The schematic structures of CZTS/ CdS heterojunction solar cell investigated in
this dissertation study are shown in Figure 2.12. Here CZTS (Eg = 1.5 eV), which has
intrinsic p-type conductivity, is partnered with n-CdS (E g = 2.42 eV) to form p-n junction.
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The base substrate used is low-cost soda-lime glass; molybdenum (Mo) layer on top of
glass substrate to form back Ohmic contact; intrinsic ZnO (i-ZnO) works as a buffer layer;
aluminum doped ZnO layer (Al-ZnO2) is a transparent conducting oxide for improved
charge collection and also reduce reflection losses; finally, Ni-Al alloy is used as front
Ohmic contact finger lines. Wide bandgap CdS ‘window’ layer allows almost all incident
light to reach photoabsorber layer, i.e. p-CZTS. CdS also optimizes band alignment
between CZTS and ZnO layer.

Thus, the finished heterojunction solar cells has a

configuration of SLG/Mo/p-CZTS/n-CdS/i-ZnO/Al-ZnO2/Ni-Al.
The basic operating principal is that when solar cell is illuminated under solar
spectrum, incident photon interacts with the CZTS absorber material resulting in creation
of an electron-hole pair (the electron shifts to the conduction band from the valence band
leaving a hole in the valence band). The built-in electric field in the space charge region
of the p-n junction forces the electron and the hole to travel to the opposite directions and
eventually reaching the front and back electrodes, respectively. This process is referred to
the charge carrier separation and collection, which give rise to photo-generated current
(Iph). The collected charges then flow through an external circuit to power an electrical
load.
2.5.2 Heterojunction CZTS Thin-Film Solar Cell Fabrication
To Fabricate CZTS/CdS heterojuction solar cell, first molybdenum (Mo) back
contact film with a thickness of ~ 0.7 μm was deposited by sputtering on soda-lime glass
(SLG) substrate. The Mo-SLG substrates were used to deposit CZTS thin film by spray
pyrolysis as described in the Section 2.3.3. For further solar cell study, sulfurized CZTS
thin films that were deposited at 380˚C substrate temperature were used as they
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demonstrated the best optical, structural, and morphological film properties. The p-type
CZTS absorber layer thickness was measured to be ~ 1.2-1.4 μm.

(a)

(b)
Figure 2.12 Schematic structure of the fabricated p-CZTS/n-CdS heterojunction solar cell: (a) side view illustrating charge transport behavior and
(b) cross-sectional view showing sequential stacking layers and their relative
thickness.

27

A thin (~80 nm) n-type CdS window layer was deposited on the p-CZTS film by a
low-cost chemical bath deposition technique to form the heterojunction. Subsequently, the
device structure was completed by deposition of ~50 nm thick intrinsic ZnO (i-ZnO) buffer
layer followed by the deposition of ~250 nm thick Al doped zinc oxide (Al-ZnO 2) layer by
DC sputtering. Devices were then annealed at 120˚C for 1 hour under argon gas. Finally,
front Ni-Al alloy grid lines were deposited on top of the ZnO using shadow mask sputtering
to make front contact. A monolithic CZTS/CdS heterojunction solar cell array with eight
individual cells is shown in Figure 2.13. The active cell area of the fabricated individual
solar cells was about ~0.42 cm2. The fabricated solar cell was then evaluated for different
solar cell parameters using electrical measurements and photo conversion efficiency was
determined. The following section describes these measurements and solar cell evaluation
results.

Figure 2.13 Photograph of the CZTS/CdS solar cell monolithic
array prepared at the University of South Carolina (USC).
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2.6 CZTS/CDS HETEROJUNCTION SOLAR CELL CHARACTERIZATION
The dark and illuminated current versus voltage (I-V) characteristics and
capacitance-voltage (C-V) measurement were used for the determination of the different
electrical parameters of the heterojunction solar cell device. In the subsequent sections,
first a theoretical background is provided for the measurements and then the results of each
measurement are discussed.
2.6.1 Current-Voltage Measurements in the Dark
The current-voltage (I-V) characterization in the dark (without illumination) is an
useful technique to evaluate electrical properties of p-n diode such as saturation current (Is)
and diode ideality factor (n). The saturation current represents diode leakage current in the
absence of light. This is due to the diffusion of minority carriers in quasi-neutral region
and refers to the generation of free carriers in the space charge region. The ideality factor
shows how close the fabricated heterojunction is to the ideal diode in terms of chargecarrier transport mechanism across the junction. An ideality value of close to unity
demonstrate that diffusion of minority carriers dominates the current transport mechanism
in the diode as ideally should be. An ideality factor less than unity indicate recombination
is affecting carrier transport, whereas an ideality factor greater than unity indicate interface
states are contributing to the transport mechanism.
Under dark condition solar cell characteristics is similar to a p-n junction diode and
I-V characteristics are explained using p-n diode current equation [49]:
I(v) = I . exp

−1

(2.4)

Where I(v) is voltage dependent diode current,
V is the applied voltage,

is the diode ideality factor,
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is the reverse saturation current,
is electronic charge (1.6×10-19 C),

the Boltzmann constant (8.62 × 10-5 eV/K), and

is the absolute temperature (°K).

Using logarithm, the Equation 2.4 could be written as:
ln( ) =

+ ln( )

(2.5)

Which represents a straight-line equation (y = mx + c).

Thus, using semi-

logarithmic plot of current as a function of applied voltage, the saturation current can be
measured from the intercept at V = 0 from the extrapolation of linear portion of the curve,
and the ideality factor can be determined from the slope as shown in Figure 2.14. For
extrapolation of the curve, only medium voltage range is considered to avoid the effect of
shunt resistance at low voltages and effect of series resistance at the higher voltage range.

n = 1/slope

Figure 2.14 Solar Cell I-V characteristic under dark.

2.6.2 Current-Voltage Measurements under Illumination
Under illumination, solar cell give rise of photo-generated current (Iph), and under
this condition the voltage dependent diode current I(v) is given by:
I(v) = I . exp

−1 −

(2.6)
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The current-voltage (I-V) characteristics under illumination is the most important
measurement for evaluation of solar cell performance. The photovoltaic performance of a
solar cell is generally characterized by the following four important parameters: the opencircuit voltage (VOC), short-circuit current (ISC), fill factor (FF) and the photoconversion
efficiency (η). The open-circuit voltage (VOC) is the maximum voltage that a cell can
generate under open-circuit condition, i.e. when the cell is not connected to an external
load. The current at this condition is equal to zero and so is the output power. The shortcircuit current (ISC) is the maximum current that a cell produces while short-circuited. At
this condition, the voltage equals to zero and solar cells output power is zero. The
maximum power that a cell can deliver to a practical load is determined in between and the
corresponding voltage and the current is denoted by V mp and Imp respectively and is
expressed as:
=

×

(2.7)

The “fill factor” (FF), an important characteristic to assess quality of the solar cell,
is a measure of the fraction of the theoretical maximum power to the actual maximum
power deliverable by the cell. The theoretical maximum power is defined by

×

and the actual maximum power Pmax is given by Equation 2.7. Thus, the fill factor of the
solar cell is defined as:

=

×

(2.8)

×

The photoconversion efficiency (η) of the solar cell is the most important parameter
as it represents the relation between the generated power output by the cell (Pmax) and the
power input of the incident light energy (Pin) that has been converted into electrical energy.
Thus, solar cell efficiency is expressed as:
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=

=

(2.9)

×

Where Popt is the optical power density and A is the total cell area of the solar cell.
To calculate optical power density of the incident light, standard simulated solar spectrum
with known power density is used. The accepted standards for solar spectra have been
developed by ASTM for the different amounts of radiation received at different altitudes
on earth defined by Air Mass (AM). ASTM Standard E490 is used for extra-terrestrial
applications such as satellites and corresponds to AM0, while the standard terrestrial
spectrum incident on the earth’s surface is designated as AM1.5G (global) based on
standard ASTM G173 [50]. The total radiation received on the earth’s surface is an integral
of the AM1.5G spectrum (sum of direct and diffuse components) and is called spectral
power density, which equals to 1000W/m 2 of peak wattage (Wp). This value is used as the
standard input radiation incident on a solar cell for photovoltaic performance evaluation.
2.6.3 Current-Voltage Measurements for CZTS Solar Cell
The current-voltage (I-V) characteristics of the fabricated solar cells were measured
under illumination and under dark conditions. The I-V measurements were performed
using a Keithley 237 source measure unit (SMU) and the data acquisition and analysis was
performed by LabVIEW programs. For the fabricated CZTS cells, the cell area was
measured to be ~0.42 cm2 and the optical power density was 100 mW/cm2 for simulated
AM 1.5G illumination. The dark and illuminated I-V plots for the CZTS cell are shown in
in Figure 2.15. The best performing CZTS cell exhibited an open-circuit voltage (V OC) of
509 mV and a short-circuit current density (JSC) of 11.8 mA/cm2. The maximum power
delivered by a single cell with above illumination was 0.911 mW and the corresponding
voltage (Vmp) and current (Imp) were 275 mV and 3.32 mA, respectively. Using these
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current-voltage parameters, the fill factor, FF, was determined to be 36.2% and resulting
efficiency was deduced to be η = 2.17% under AM 1.5G illumination measured at 297K.
Dark and illuminated J-V crossover was observed at ~0.57 V (Figure 2.15) which
signifies the presence of a large series resistance (Rs). Ideally, the respective electrodes
will collect generated charge carriers immediately. In a practical device, photo-generated
electron-hole pairs have to travel through the semiconductor material to reach the nearest
respected electrodes. This introduces series resistance effects, which gives rise to a voltage
drop (collection time is longer, therefore preventing development of the full potential
voltage output). High series resistance decreases Imp, consequently lowering maximum
power available (Pmax), which thereby degrades FF and efficiency of the solar cell. High
series resistance also degrades short circuit current of (Isc) of the solar cell.

Figure 2.15 Dark and illuminated I-V plots of CZTS/CdS heterojunction solar cell.
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Using dark J-V data in a semi-logarithmic plot of current density as a function of
applied voltage (Figure 2.16) and extrapolation of linear portion of the curve, the reverse
saturation current (I ) was estimated to be 1.8×10 -2 mA from the intercept at V = 0. From
the slope of the linear region, the ideality factor was calculated to be ~5.4. To avoid the
effect of shunt resistance at low voltages, only medium voltage range was considered for
extrapolation of the curve. The high reverse saturation current indicated presence of low
shunt resistance (Rsh), which is due to presence of lattice defects in the bulk semiconductor
and at the interfaces causing high leakage current on the edges of the cell. The deduced
heterojunction solar cell parameters obtained from the current-voltage characteristics are
summarized in Table 2.4

Figure 2.16 Semi-logarithmic plot using dark I-V data of
CZTS/CdS heterojunction solar cell.
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Table 2.4. Summary of photovoltaic parameters determined by I-V characteristics
under dark and under illumination with AM1.5G at 297K.
Solar Cell Parameters

Calculated Values

Open-Circuit Voltage (Voc), V

0.51

Short-Circuit Current Density (Jsc), mA/cm2

11.8

Fill Factor (FF), %

36.2

Pmax, mW

0.911

Efficiency (), %

2.17

Reverse Saturation Current (I ), mA

1.8×10 -2

Ideality Factor

~ 5.4

2.6.4 Capacitance-Voltage Measurements on CZTS Solar Cells
Carrier concentration and barrier height of the fabricated CZTS solar cells were
determined using capacitance-voltage (C-V) measurements. Solartron 1470E multichannel cell test system connected with a Solartron 1255B Frequency Response Analyzer
(FRA) was used for C-V measurements. The capacitance were measured at 100 KHz at a
reverse bias sweep from zero to -0.5 V. The effective carrier concentration was calculated
by following equation:

=

(2.10)

where, NA is the carrier concentration, ε0 and εr are the free space permittivity and
the dielectric constant (= 7) of CZTS, q is electronic charge, A is the effective geometric
surface area, and C is the Capacitance. As per the Equation 2.10 above, a plot of 1/C 2 vs V
(Mott-Schottky plot) yields a straight line. From the intercept of the 1/C 2 vs V plot, carrier
concentration (NA) is determined from the Y-axis intercept. From the Mott-Schottky plot
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straight line fitting (Figure 2.17), a carrier concentration was estimated to be 4.0  1016 cm-3
for the CZTS solar cell.

Figure 2.17 Capacitance vs voltage (shown in blue) and corresponding Mott-Schottky
plot (shown in red) for the fabricated CZTS/CdS heterojunction solar cell..
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CHAPTER 3
LITHIUM-DOPED AMORPHOUS SELENIUM ALLOY FILM
3.1 INTRODUCTION
As a sustainable energy source, nuclear energy has become an important
component of world’ energy portfolio contributing to 9% of global energy demand in 2017
as per US Energy Information Administration (EIA) [1]. With global expansion of nuclear
power and development of nuclear fuel cycle processes, there is a growing need for nuclear
material control and accounting in nuclear fuel storage and reprocessing facilities to
enhance nuclear safeguards from environment and terrorism risk. Decay of actinides in
unprocessed spent nuclear fuel emits neutrons by spontaneous fission and through (, n)
reactions. During the first operating cycle of a fuel assembly, the primary source of
neutrons is

238

Pu. After further irradiation, the dominant sources are

242

Cm (163 day

half-life) and 244Cm (17.9-year half-life) [51]. A high-performance neutron detector, which
can detect and quantify emitted neutrons, could be deployed for surveillance of nuclear
spent fuel, special nuclear materials (SNMs) enrichment, and reprocessing activities.
Neutrons are also one of the most useful probes for the investigation of the
structural, magnetic and acoustic properties of materials. The large variation in scattering
lengths for low atomic number elements allows structural determinations in compounds
where x-ray diffraction fails to reveal the positions of light atoms. Because the neutron has
a magnetic moment, it can be used to uncover the periodic moments in ferro-, ferri- and
anti-ferromagnets. The neutron’s rest mass is large compared to the electron’s, hence the
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neutron’s momentum to energy relationship allows relatively strong scattering from
phonons in crystals or vibrational modes of molecules. As wavelength of neutrons match
typical interatomic distances within the crystal lattice, neutrons are highly advantageous in
crystallographic research. Neutrons have also proven to be valuable probes in biological
processes due to the strong scattering differences between hydrogen and deuterium.
The detection of neutrons is one of the most difficult tasks encountered in nuclear
physics research. Due to its lack of charge, neutrons are not subject to Coulombic
interactions unlike x-ray and gamma-ray. The demand of neutron detectors are not fully
covered by the current detection technologies, which rely primarily on photographic
methods or counter-based systems, including position sensitive gas-filled proportional
counters or scintillator-photomultiplier tube combinations. Photograph based neutron
detection systems are very low-cost and have excellent position resolution but suffer from
poor sensitivity and dynamic range.

At low neutron fluxes, the scintillator-film

combination suffers from poor reciprocity failure, and at high neutron fluences, grain
saturation is observed, limiting their ability to quantify intense diffraction peaks. Counterbased systems have the advantage of large-area and large dynamic range and produce real
time data output. However, they suffer from relatively poor sensitivity, poor spatial
resolution, complexity and high cost. The scintillator-based position sensitive neutron
detectors combined with photomultiplier tubes (PMTs) have wide dynamic range and fast
response speeds with a limited number of scintillators, but they are expensive and cannot
be operated in magnetic fields. Fragile, bulky and high power consuming PMTs add
additional constraints to the overall system.
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Thus existing neutron detection systems are limited by their detection efficiency,
stability of response, speed of operation, and/or physical size. Furthermore, worldwide
shortage of 3He gas has further prompted to design an alternative system. Therefore, a
compact, portable, high-performance, solid-state (semiconductor-based) neutron detection
system without the requirement of 3He will be highly desirable. Such detector would find
widespread use in radiation safety and nuclear non-proliferation, in environmental
monitoring, in material research such as structural characterization of protein dynamics in
biological reactions and surface-interface analysis of polymers, and in astrophysics and
astronomy.
3.2 MERIT OF LI-DOPED AMORPHOUS SELENIUM ALLOY FOR NEUTRON DETECTOR
Thermal neutron detectors rely on nuclear reactions to measure neutrons. This puts
unique constraints on the material chosen to be the active device. Most desirable are
materials with high neutron absorption cross-sections and reaction with high kinetic
energy. It is the secondary products of the reaction that the detector detects to signal an
event. Some of the most commonly utilized reactions in thermal neutron detectors are 3He
(n, p) t, 10B (n, )7Li, and 6Li (n, t) . Whether the reaction products are charged particles
or photons, they must deposit energy within the detector volume to produce a clear signal
above of noise sources present in the system. Thus, thermal neutron detectors operate as
‘counters’ where the primary goal is to quantify the neutron flux often in environments
where high gamma-ray fluxes are present.
A ‘solid-state’ detector using semiconductor requires only a few eV (energy) to
create an electron-hole pair (compare to 50 eV or more of energy in scintillators); thus a
much greater signal is generated for a given amount of energy deposited. They possess
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high stopping efficiency, an all-electrical and efficient manner of extracting signals,
compact sizes, low operating voltages and in more advanced forms, position sensitive
detection. The solid-state semiconductor detectors commonly employed for x-ray
measurements, such as Si surface barriers and HPGe, are not thermal-neutron sensitive. In
CdTe and CdZnTe (CZT) detectors, Cd is highly neutron sensitive, but it has an associated
problem with high -sensitivity and lower efficiency due to competing mechanism for Cd
reactions. Ternary semiconductors such as LiZnP, LiInS2 and LiInSe2 have recently
generated interest. However, their unfavorable characteristics – intrinsic low resistivity
( 107 -cm), difficulty with growing defect free large crystals ( 40 mm3), susceptibility
to radiation damage and their highly hygroscopic nature, make them unsuitable for use as
thermal neutron detectors.
Amorphous selenium (a-Se) has a special attraction in solid-state physics because
of its commercial importance as a xerographic photoreceptor [52] [53] and medical x-ray
imaging material [54] [55], and thus already a well-studied material. In this dissertation
research, a new a-Se based semiconductor alloy, lithium (6Li) doped amorphous selenium
alloy, a-Se (As- 0.52%, Cl 5 ppm), has been developed for thermal neutron detection. This
new alloy material has many favorable characteristics that are required for a solid-state
semiconductor based neutron detector. A large thermal neutron cross-section due to the
presence of a high atomic concentration of Li (940 barns, 1 barn = 10 -24 cm2) to capture
emitted neutron from decaying isotopes. Wide bandgap (2.22 eV at 300K) of a-Se provides
room temperature operation, no requirement of cooling system that makes the detector
system bulky and less portable. High resistivity (≥1013 -cm) of a-Se alloy contributes to
low leakage current and thereby low thermal noise, which is essential for generating high
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energy-resolution of the detector. Low effective atomic number (Z = 34) of Se ensures low
gamma-ray sensitivity required to ensure detection peak is due to neutrons not due to
gamma radiations. The amorphous structure of Se provides high radiation tolerance
required in high flux environment such as in nuclear power plant. Furthermore, a high
glass transition temperature (tg ~ 52C) and low melting temperature (218 oC) of Se offer
possibility of large-area device fabrication at lower growth temperature (365 - 485 oC)
using low cost techniques such as thermal evaporation.
The use of heavily Li-doped a-Se alloy film as an efficient thermal neutron detector
relies on the presence of 6Li, which has a natural isotopic abundance of 7.5%, but is also
available in an enriched form (98%). The neutrons when captured by the Li nucleus
undergo an (n, , ) reaction, producing two energetic charged particles as shown
below [56]:
6

Li3 + 1n0  3H1 +  + 4.78 MeV

(3.1)

The ranges of the reaction products 3H1 (tritium) and  particles (4He) are 32 µm
and 7 µm, respectively, which are much larger than other elements capable of neutron
capture such as boron (10B), facilitating higher charge collection and thereby high signal
strength.. Furthermore, the energies for 6Li reaction products are much higher than that of
10

B, thereby, allowing for easier discrimination of background radiations.
Figure 3.1 shows a conceptual diagram of solid-state Li-doped a-Se based neutron

detector. When neutron is stopped by Li nucleus and undergo an (n, , t) reaction, the
released 4.78 MeV kinetic energy, is shared by the two charged particles traveling in
opposite directions (E3H1 = 2.73 MeV and E = 2.05 MeV). This kinetic energy is
deposited partially into the crystal lattice as vibrations, and the remainder interacts with
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atoms in a-Se alloy material creating ‘free’ electron and hole pairs (i.e. ionization). The
‘free’ electrons excited into the conduction band are free to move. Upon application of an
electric field across the a-Se alloy film, excited electrons and holes travel to their respective
metal electrodes and get collected producing a measurable electrical current. The resulting
signal pulse indicates detection of a thermal neutron capture event, which is amplified with
standard charge-sensitive amplification electronics.
1
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Figure 3.1 Conceptual design of a thermal neutron detector using Li-doped a-Se (As, Cl)
alloy film.

3.3 SYNTHESIS OF LITHIUM-DOPED SELENIUM ALLOY
The preparation of high quality Li-doped a-Se (As, Cl) alloy material was the basic
requirement for the production of investigated solid-state neutron detector. The alloy
material was synthesized using zone-refined high purity selenium precursor. First a-Se
(As, Cl) master alloy was synthesized, and then a successive synthesis with increasing
lithium concentration was carried out to grow final Li-doped a-Se alloy. The alloy
synthesis was conducted using a specially designed alloying reactor in a tightly argon-
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controlled glove box as shown in Figure 3.2. The following sections provide details of
alloy growth experiments.

Figure 3.2 Alloy synthesis reactor setup inside an argon-controlled glove
box. This reactor was used to make all Se master alloys, a-Se (As, Cl) bulk
alloy, and finally, Li-doped a-Se (As, Cl) alloy.

3.3.1 Synthesis of Selenium Alloy: a-Se (As, Cl)
Amorphous selenium (a-Se) was alloyed with arsenic and chlorine to improve
physical and optoelectronic properties of a Se. Alloying with arsenic (As) has been found
to be very effective in retarding the a-Se crystallization. Crystallized Se has much lower
resistivity leading to high leakage current and high background noise in the detector
spectra, hence not desirable. When arsenic (As) is alloyed with a-Se, arsenic triply bonds
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with selenium making cross-links between Se-chains as shown in Figure 3.3 [57]. This
increases viscosity retarding crystallization. During our effort to make a Se (As, Cl) alloys
in our lab, it was found that a-Se with As content of ~0.52% is totally resistant to
crystallization. A very small amount of Cl (~ 5 ppm) compensates the effect of As on the
charge transport characteristics. Chlorine, however, increases the lifetime of holes ( h),
while it decreases that of electrons (e) [58]. Careful control of the alloy composition is
therefore instrumental in ensuring detector performance.

Figure 3.3. Structure of a-Se depicting Se chains
valence alternation pair defects and triply bonded As in
the Se chain [57].

Commercially available selenium (Se) was further purified using an in-house
computer-controlled, horizontal, multi-pass zone refining (ZR) system, which redistributed
the impurities resulting purer material (7-nine, (7N)). This zone-refined Se material,
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commercially available high purity As (6-nine, 6N) and SeCl2 were used as the precursors
for the a-Se (As, Cl) alloy synthesis. First Se-As and Se-Cl master alloys were synthesized,
and then 9.5% Se-As master alloy and 50 ppm of Se-Cl master alloy were mixed with ZRpurified Se to synthesize Se-As-Cl alloys. The synthesis of a-Se (As, Cl) bulk alloy was
carried out at 475˚C in the pelletizing alloy reactor as shown in Figure 3.2. After synthesis,
the melt was cooled to 350˚C and shotting was performed with a SS 316 shotter. A picture
of the synthesized a-Se (As, Cl) alloy shots is presented in Figure 3.4. Amorphous selenium
alloy, a-Se (As, Cl), samples were then characterized with Raman spectroscopy,
differential scanning calorimetry (DSC), and energy dispersive x-ray spectroscopy (EDX).

Figure 3.4. Picture of a-Se (As, Cl) alloy dry pellets.

Raman spectroscopy, which is a very sensitive tool for phase identification, was
carried out using Horiba-Yvon LabRam HR800 system in backscattering geometry and
confocal configuration. A 784-nm diode laser with a power density of 1 W/cm 2 was used
as the light source. Figure 3.5 shows room temperature Raman spectra of a-Se alloy
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sample. Raman spectroscopy demonstrated the presence of an intense Raman peak
(vibrational mode) located at 251 cm-1 and two small peaks at 113 and 135 cm-1. The
251cm-1 vibrational mode is related to helical and string chains of the structure present in
amorphous selenium [59] [60], and the vibrational mode at 113 cm -1 was regarded as Se8
ring and ring like species in the amorphous structure [61] [62]. The 135 cm -1 mode, was
also linked to the trigonally crystalline Se chain structure [63] [64]. Therefore, amorphous
state was confirmed for the grown a-Se (As, Cl) alloy samples.

Figure 3.5. Room temperature Raman spectra of a-Se
(As, Cl) alloy sample excited with 784-nm laser with a
power density of 1 W/cm2.
Differential scanning calorimetry (DSC) measures the temperatures and heat flows
associated with transitions in materials as a function of time and temperature in a controlled
atmosphere. DSC measurement, performed using TA Q200 system at a heating rate of
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10 oC/min, was carried out to determine melting point and glass transition temperature.
Figure 3.6 shows typical DSC curves of heat flow with varying temperature. The melting
point was determined from the onset of a valley. DSC curve of a-Se (As, Cl) alloy
exhibited single melting point at 218.2 oC and a glass transition temperature is 50.6oC.
These values are very close to literature values of a-Se. Therefore, no changes in heat
capacity further confirms amorphous structure of the grown a-Se (As, Cl) alloy. Presence
of no other peaks due to endothermic or exothermic process indicates no chemical changes
during alloying process.

Figure 3.6 DSC curves of a-Se (As, Cl) alloy. The heating rate was
10C/min.

3.3.2 Synthesis of Li-Doped a-Se (As, Cl) Alloy
The phase diagram of the Li-Se system presented in Figure 3.7 shows that the
thermodynamics of Li-Se alloy formation has major challenges associated with: 1) an
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immiscibility-gap on the selenium rich side, 2) formation of Li 2Se which is very stable and
has a very low vapor pressure, and 3) the activity coefficient of Li in the Li-Se system is
very low and so is the partial pressure of lithium. These problems were overcome during
Li-doped a-Se (As, Cl) alloy synthesis by heat treating the alloy melt at an elevated
temperature for a short period of time (975oC for 5 min.) and preparing up to six alloys
with different concentrations of mono-dispersed lithium in a-Se (As, Cl) matrix to increase
the activity coefficient of lithium. The key was to avoid the reaction of lithium and
selenium and successively increase Li-doping concentrations in synthesized alloys.

Figure 3.7. The phase diagram of Li-Se system (Source: Binary Alloy Phase
Diagram, Moffatt, Vol. 1, ASM, 1987).
Lithium-doped a-Se (As, Cl) alloy material was synthesized using the same
palletizing alloy reactor as used to prepare a-Se (As, Cl) bulk alloys and as shown in
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Figure 3.2. The process cycle was operated in a glove box maintained in a pure argon
atmosphere. The alloy reactor, containing elemental Li and a-Se (As, Cl) bulk alloy, was
heated to 500˚C in a controlled manner, and then Li-doped a-Se alloy synthesis was carried
out for ~ 5 hours. A Omega PID temperature controller was used to ensure synthesis
temperature (~500˚C) is maintained, while a rotating impeller mixed the precursors at ~400
rpm to ensure homogeneity during synthesis. After about 5 hours, the melt was cooled to
355oC and shotting was performed with SS 316 shotter maintained at 360 oC on a shotter
plate at 15oC. Typical temperature profiles with alloying time for one process run is
presented in Figure 3.8.
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Figure 3.8. Temperature vs. time characteristics for Li-doped a-Se (As, Cl)
alloy synthesis.
Six successive batches of monodispersed Li-doped a-Se (As, Cl) alloy matrix with
increasing lithium concentration were synthesized and sequentially used as master alloy
(along with additional lithium) to synthesize next Li-doped a-Se alloy with higher
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concentration. By this repeated alloy synthesis, we have avoided segregation of lithium
atomic species (precipitations of Li, or Li2Se) within the dispersed alloy material while
increasing the activity coefficient of lithium in Li-Se system. Synthesized Li-doped a-Se
(As, Cl) alloy has dark color with shiny surface on one side (Figure 3.9). Using successive
synthesis runs with increased Li-doping concentrations in synthesized alloys, finally, a-Se
(Li, As, Cl) alloy with up to 28 a/o lithium was synthesized. Lithium concentration was
determined using ICP/MS measurements. The structure of the synthesized Li-Se alloys
were studied by x-ray diffraction (XRD), which confirmed the amorphous structure of the
alloys. The shapes of the XRD patterns didn’t change noticeably for different lithium
concentrations. This final doped alloy material, a-Se (28 a/o Li, 0.5% As, 5 ppm Cl), was
then used to fabricate alloy film for neutron detector fabrication.

Figure 3.9. Dry pellets of Li-doped (28 a/o) a-Se (0.52%As,
5ppm Cl) alloy material.
3.4 DEPOSITION OF LITHIUM-DOPED SELENIUM ALLOY FILM
Deposition of Li-doped a-Se(As, Cl) alloy films was carried out using thermal
evaporation method.

Various alloy films of different thickness were deposited on
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aluminum oxide and ITO (indium tin oxide, TEC-8) coated conducting glass substrates.
The benefit of aluminum oxide substrate is that it could act as electron blocking layer,
preventing injection of electrons from the negatively biased electrode, thus reducing
leakage current. Substrates were thoroughly cleaned and prepared before deposition to
ensure surface uniformity and better adhesion. The block diagram below depicts the
substrate preparation path followed.

Li-doped a-Se (As, Cl) alloy film deposition was carried out using thermal
evaporation technique with CHA SE 600 evaporator under high vacuum (base pressure
2x10-6 Torr). The evaporator was equipped with planetary rotation system for substrate
rotation. Deposition was monitored using a quartz crystal monitor connected to an Inficon
XTC/2 thin-film deposition controller.

For each deposition run, film thickness was

measured by Dektak IIA surface profilometer using a test sample placed with deposition
substrates.

Vacuum fixtures, in-situ quartz crystal monitoring head, and substrate

temperature accessories were installed within the thermal evaporation chamber.
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Figure 3.10 shows pictures of thermal evaporation equipment and schematic of the
evaporation systems within the vacuum chamber.

Figure 3.10 Pictures of thermal evaporation system used to deposit Li-doped a-Se (As,
Cl) alloy films (left) and a schematic diagram of evaporation system within the vacuum
chamber showing different components (right).

For thin film deposition, prepared substrates of different sizes with area up to
1010 cm2 (44 sq. inches) were placed on the planetary rotating discs (substrate holder)
and were held with tungsten wires. Li-doped a-Se (As, Cl) alloy material was loaded on
the temperature controlled source boat. A charge (alloy material) of 90 – 250 g was used
to obtain films with 60 - 625 m thickness. The vacuum chamber was evacuated to obtain
a pressure of 2 x 10-6 torr. The substrates were heated to 68 oC 5oC by an automatic
thermostat system, comprised of electrical resistive heaters. The substrate temperature was
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kept much lower than Se crystallization temperature (100 – 102 ˚C) to avoid crystalline
structure. It is necessary to grow the films with completely amorphous phase in order to
obtain very high resistivity. Since a-Se has poor thermal conductivity and low glass
transition temperature of ~ 50˚C, it was crucial to monitor and precisely control substrate
temperature during the deposition process to avoid polycrystalline structure in deposited
films. The distance between source boat and substrate was kept ~20 cm. The source was
preheated to 280 oC at a rate of about 15 oC/min, then kept it at 280 oC for 2 min., while
the evaporation rate was stabilized to ~3.5 m per minute. The source temperature was
then adjusted to keep the rate constant within 5%. The substrate was shuttered (using auto
shutter) during the heating ramp, rate stabilization, and post-deposition cool-down steps to
avoid contamination. Samples were cooled to 30 oC before being removed from the
evaporator.

The evaporation system was modified with larger substrate-mounting

capabilities within the vacuum chamber where up to nine 22 sq. inches film could be
deposited in a single run. Pictures of Li-doped a-Se (As, Cl) alloy films of various size and
thickness, and on various deposition substrates are presented in Figure 3.11.
3.5 CHARACTERIZATION OF LITHIUM-DOPED SELENIUM ALLOY FILM
3.5.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was carried out to investigate surface
morphology (texture) and microstructure of the deposited Li-doped a-Se (As, Cl) films. A
gold (Au) top contact of about 50 nm was sputtered on top of the alloy films by a DC
sputtering unit. The conductive gold coating prevents charge build-up on the film sample
during high-resolution electron imaging applications. Figure 3.12 shows two dimensional
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SEM image obtained using a 400 m thick Li-doped a-Se film on 2"" ITO coated glass
substrate; lithium concentration in the alloy material was 28 a/o.

(a)

(b)

(c)

Figure 3.11 Li-doped a-Se (As, Cl) alloy films of various sizes and thickness.
(a)-top: 22 sq. inches and 450 m thick film on ITO coated glass substrate;
(a)-bottom: 11 sq. inches and 560 m thick films on oxidized aluminum substrate;
(b): 44 sq. inches (10x10 cm2) and 400 m thick film on ITO coated glass substrate;
(c): seven films of various sizes up to 44 sq. inches and ~450 m thick deposited on
Al/Al2O3 substrates in a single deposition run.
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The SEM picture (Figure 3.12) reveals alloy film had smooth surface without any
micro-crack and was devoid of any induced polycrystallinity or major defects. This
observation was typical for high-quality Li-doped a-Se alloy films. However, occasional
polycrystallinity and inclusions were observed (Figure 3.13) for large area (1010 cm2)
films especially when film thickness is ≥500 m. These films with polycrystallinity
demonstrated low resistivity during electrical characterization as explained in the later
sections.

Figure 3.12 SEM picture of 28 a/o
Li-doped a-Se (As, Cl) thin film (400 m)
on 2"" ITO coated glass substrate
showing smooth surface.

Figure 3.13 SEM picture of 28 a/o
Li-doped a-Se (As, Cl) thin film (500 m)
on 4"" ITO coated glass substrate
showing a few surface defect.

Thicker films preparation involved longer hours (≥ 10 hours) taking into
consideration full pumping-up, baking interior fixtures, substrate heating and stabilizing,
and final pumping-down with slow cooling rate. Therefore, in films with a thickness of ~
500 m, it was difficult to preserve complete amorphous structure during long run time
because of induced strain with higher thickness caused by induced crystallization (poly-
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crystallinity). The key deposition parameters such as, the effect of height of the Li-Se (As,
Cl) liquid melt in the shotter, the effect of synthesis temperature and time, effects of
mechanical mixing vs. argon bubble mixing, and the effects of shotting plate temperatures
should be investigated further in order to achieve uniform defect-free thicker alloy films.
3.5.2 X-ray Diffraction
X-ray diffraction (XRD) studies were conducted to confirm the amorphous
structure of the alloy film. It was necessary to grow the films with completely amorphous
phase in order to obtain very high resistivity. The resistivity of a-Se was observed to
decrease by orders of magnitude if the alloys are polycrystalline. The x-ray diffraction
pattern was obtained using a Rigaku D/MAX 2100 powder x-ray diffractometer (CuK α
radiation, λ = 0.15406 nm). A typical XRD pattern of Li-doped a-Se (As, Cl) alloy film
on ITO coated glass is shown in Figure 3.14 (a). The observed diffraction patterns
corresponded very well to the standard x-ray pattern of amorphous Se structure. Within
0.1% sensitivity of the instrument, there were no diffraction peaks identifiable for any
major or minor crystallographic orientation as observed for polycrystalline Se structure
(Figure 3.14 (b) from the literature [65]. No other peaks due to impurities, or compound
formation, or extraneous phases, or any segregated impurities were observed.
3.5.3 Optical Absorption
The optical absorption studies were conducted to determine the bandgap energy of
Li-doped a-Se (As, Cl) alloy material. High bandgap energy ( 1.5 eV) is required for high
resolution neutron detectors so that the detection signal is due to the ionization by radiation
only and not due to thermal noise. Room-temperature optical analysis was carried out over
a wide range of photon energy using Li-doped a-Se (As, Cl) alloy films of varying thickness
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(8 – 15 m) and deposited on ITO coated glass substrate. An ITO coated glass slide was
used as the reference.

Optical absorption coefficient () of the alloy material was

determined for each photon energy. The values of  were not corrected for the reflection
of the alloy film surface.

(a)

(b)
Figure 3.14 XRD patterns: (a) amorphous structure of 28 a/o Li-doped a-Se (As, Cl)
alloy film with 400 mm thickness deposited on ITO coated glass substrates; (b) XRD
pattern of a polycrystalline a-Se film observed from the literature [65] and shown here
for comparison.
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Absorption coefficient, of a material is a function of incident photon energy
(h, eV) and depends on the bandgap energy, Eg, of that material. The correlation between
these three parameters in an indirect bandgap semiconductor such as selenium is expressed
as:
(ℎ ) ∝ ℎ −
,

(ℎ )

/

= . (ℎ −

(3.2)
)

(3.3)

where h is Planck’s constant,  is the frequency of light, and B is a constant. By
plotting photon-energy dependent optical absorption hvs. incident photon energy
(h), bandgap energy could be determined from the intercept at (h)1/2 = 0, by
extrapolating the linear region of the curves. Figure 3.15 shows a typical optical absorption
(h)½ vs. incident photon energy curve [66] for Li-doped a-Se (As, Cl) alloy film. From
the plot, bandgap energy (Eg) was estimated to be about 2.22 eV at 300 K which is in close
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agreement with other a-Se based alloys as reported in the literature [66] [67] [68].
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Figure 3.15 Optical absorption spectra of Li-doped a-Se (As, Cl) alloy film
of  12 m thick.
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3.5.4 X-ray Photoelectron Spectroscopy (XPS)
The XPS survey scan on Li-doped a-Se (As, Cl) alloy material was carried out to
examine Li, As, and Cl concentrations at the film surface as well as within its bulk and to
detect presence of any compound formation and other impurities. The XPS investigations
were carried out using a Vacuum Generator ESCALAB MKII equipped with XPS/Auger
spectrometer with a MgK source (E = 1253.6 eV) with 300 W power at 15 KV. Data
acquisition and analysis for XPS used a Physical Electronics multiple technique analytical
computer system. The peak energies were measured after the data were smoothed. The
work function of the spectrometer is on the basis of the Au 4f3/2 peak energy of 83.8 eV
and the reported binding energies here are referenced to C (1s) at 284.6 eV. All the binding
energies quoted here are within 0.3 eV.
Figure 3.16 represents XPS survey scan for Li doped a-Se (As, Cl) alloy film. The
observed binding energies for Se, As and Cl are in the correct range as found in the
literature [69]. The observed binding energies of the core orbital levels Se 3d (53.9 eV),
Li 1s (58.4 eV), As 3p3/2 (141.8 eV) and 3P1/2 (146.4 eV), and Cl 2p (198.4 eV) correspond
very well with a-Se (Li, As, Cl) alloying elements. There are no binding energy shifts,
which explains clearly the absence of any compound formations. Other than unavoidable
peaks of oxygen and carbon there are no peaks for impurities. The high-resolution XPS
scans of a Se 3d core level energy peak on a-Se (Li, As, Cl) alloy film with and without
argon ion etching (5.0 KV; rate of sputtering 48 nm/min, 15 minutes) are presented in
Figure 3.17. The energy peak of Se 3d core level for both case was similar without any
shift of biding energy. Argon ion etching thus confirms the uniform distribution of alloying
elements (Li, As & Cl) from alloy film surface towards depth up to 0.18 m.
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Figure 3.16 XPS survey scan for a Li-doped a-Se (As, Cl) alloy film on ITO coated glass
substrate.

Figure 3.17 X-ray Photoemission spectra of Se (3d) level on
a- Se (Li, As, Cl) alloy film with and without argon ion etching
(15 minutes).
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Table 3.1 summarizes characterization results for Li-doped a-Se (As, Cl) alloys and
films, a new material grown for neutron detector devices. The well characterized, highquality Li-doped a-Se (As, Cl) alloy films were then used for fabrication of neutron
detectors. These detector devices were further characterized for electrical properties using
current-voltage (I-V) measurements and for radiation detection properties using pulse
height measurements under nuclear sources.

The next section describes detector

fabrication and testing results.
Table 3.1. Summary of characterization results for Li-doped a-Se (As, Cl) alloy films
Characterization

a-Se Properties

Results

Optical absorption
studies

Energy bandgap
(Eg)

Eg = 2.22 eV at 300K; Indirect bandgap
semiconductor

Scanning electron
microscopy
(SEM)

Surface
morphology

Smooth surface without any micro-cracks;
absence of any induced polycrystallinity or
major defects

X-ray diffraction
(XRD) analysis

Structural
properties

Amorphous structure with no extraneous
phases

X-ray
photoelectron
spectroscopy
(XPS)

Observed
binding
energies of
core levels of
the
constituents

Se 3d (53.9 eV), Li 1s (58.4 eV), As 3p3/2
(141.8 eV), 3P1/2 (146.4 eV), and Cl 2p
(198.4 eV) corresponded very well with aSe (Li, As, Cl) alloying elements;
No binding energy shifts indicating
absence of any compound formation;
Argon ion etching confirmed the uniform
distribution of alloying elements (Li, As,
and Cl) from alloy film surface towards the
depth up to 0.18 m.

Raman
spectroscopy

Structural analysis

Helical and string chains of the structures
present in amorphous selenium Se8 ring

Differential
Melting point
scanning
(M.P.)
calorimetry (DSC)

M.P. ~ 218.2 oC and a glass transition
temperature is 50.6oC
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3.6 LITHIUM-DOPED A-SELENIUM DETECTOR FABRICATION
Planar detectors were fabricated on deposited high-quality Li-doped a-Se (As, Cl)
alloy films using metal-semiconductor-metal (MSM) device structure with top Schottky
contacts. Using the basic conceptual device design as shown in Figure 3.18, three different
back contact structures were studied to reduce leakage current of the device by controlling
carrier transport inside the devices for better detection signals. For these devices with
different back contacts, gold (Au) front contact was used.


Au /a-Se (Li, As, Cl)/ITO/ Glass



Au /a-Se (Li, As, Cl)/ Al2O3/Al



Au /Sb2S3 /a-Se (Li, As, Cl)/ Al2O3/Al

Figure 3.18. Schematic design of a thermal neutron detector using
Li-doped a-Se (As, Cl) alloy film.
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Aluminum oxide (Al/Al2O3) layers was used as an electron blocking layer at the
interface between Li-Se alloy and the substrate. The layer prevents dark current injection
from the substrate and also aids the growth of uniform amorphous selenium layers. The
aluminum oxide layer (120 nm) was deposited by evaporating 99.8 % Al 2O3 (Cerac) in a
Cu crucible with a deposition rate of 1.5-2.5 Å/s and a pressure of 210-6 Torr. The
aluminum bottom contacts (150 nm) were then deposited by evaporating Al pellets (5N,
purchased from Super Conductor Materials) in a BN crucible with a deposition rate of
1.5-2.5 Å/s and a base pressure of 210-6 Torr.
The top free surface of Li-doped a-Se (As, Cl) layer normally acts as a blocking
layer for holes preventing injection of surface charges into the bulk. However, an acceptor
impurity such as chlorine has an opposite effect on charge injection. As the bias increases
across the thickness of the film, electric field strength increases significantly at the air/Sealloy interface (electrostatic discharge) enhancing charge carrier injection. A thin layer of
antimony sulfide (Sb2S3) was thus also tested as a hole-blocking layer. Sb2S3 layer
(560 nm) was deposited by evaporating 99.9 % Sb 2S3 (purchased from Cerac) in an Al2O3
crucible with a deposition rate of ~10 Å/s with a base pressure of 210-6 Torr. Figure 3.19
shows the SEM pictures of Al2O3 and Sb2S3 films deposited for the electron and hole
blocking layers, respectively.
Metal contacts were deposited on the top and bottom surfaces of the alloy films by
using metallization shadow mask techniques. The top semitransparent gold contact of
thickness 6-10 nm was deposited by DC or radio frequency sputtering (RF). Thin copper
wires were attached with silver epoxy and the contact area was encapsulated with very thin
epoxy adhesives (surlyn (Dupont 1702) or standard glass frits). Pictures of a few of
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fabricated detectors are presented in Figure 3.20 and the facilities used to fabricate the
detectors in Figure 3.21

(a)

(b)

Figure 3.19. SEM pictures of (a) Al2O3 and (b) Sb2S3 films.

(a)

(b)

Figure 3.20. Li-doped a-Se (As, Cl) alloy film devices: (a) individual detectors
of various sizes (up to 0.5" x 0.6"  1.95 cm2), showing gold top contacts
(bright surface) and Al2O3/Al bottom contacts; (b) monolithic devices with
multiple-pixel array fabricated on Li-doped a-Se (As, Cl) films with ~ 400 m
thickness and 4x4area; individual pixel size is ~ 0.78 cm2, top contact: gold,
bottom contact: Al2O3/Al
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(a)

(b)

(c)

Figure 3.21. Pictures of the facilities used to fabricate Li-doped a-Se detectors. (a)
clean room; (b) photolithography setup Karl Suss Mask Aligner, min pitch size
0.5 m; (c) RF/DC 13.56 MHz frequency sputtering unit.

3.7 CHARACTERIZATION OF LI-DOPED A-SELENIUM DETECTOR
3.7.1 Current-Voltage Measurements
For high-resolution neutron detectors, it is important to maintain the leakage (dark)
current at very low levels of ~10-10 – 10-12 A, under biased condition. To achieve this, the
resistivity of the detector material (Li-doped a-Se alloy) must be very high (≥10 11 Ω-cm).
Current-voltage (I-V) measurements using metal-semiconductor junction was carried out
to determine the leakage current of the fabricated alloy film detectors. The electrical
resistivity of the alloy material was measured from inverse slope of the linear regression of
dark current-voltage curve. The resistivity was calculated using the equation:
ρ=R∙

(3.4)

where  is the resistivity of the crystal in Ω-cm, R is the resistance in Ohms, A is
the contact area (cm2), and L is the thickness of the Li-doped a-Se film.
Current-voltage measurement was carried out using Keithley 237 source measure
unit and Metric ICS (version: 3.8.0) software. During I-V measurements, device sample
was kept inside a shielded aluminum box to exclude electrical interferences. Figure 3.22
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shows the current-voltage (I-V) characteristic of Li-doped a-Se (As, Cl) alloy sample with
top and bottom gold contacts.

The result indicates low leakage current (~-5.5nA

at -1000V), and high rectification ratios showing typical diode characteristics. The low
leakage current at a very high bias is beneficial for detector performance because higher
electric field can be applied to the detector without increasing noise and that will enhance
the signal from a detector. From the I-V data, a resistivity of ~3.6×10 11 cm at 300K
was determined for this device. Results also showed high field penetration (i.e., strong
charge carrier depletion) into the device and high field tolerance (up to 8 V/m).

5.E-09
Au Semitransparent top
and bottom contacts

4.E-09
3.E-09

Current [A]

2.E-09
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Figure 3.22. Current-voltage characteristic of a Li-doped a-Se (As, Cl) detector with
semitransparent gold (Au) top and bottom contact, without any blocking layer.

Figure 3.23 shows I-V characteristic of Li-doped a-Se (As, Cl) detector with
Al/Al2O3 electron blocking layer. The leakage current was observed to be (~ -28 pA
at -500V. The result indicates that electron blocking contact further reduced leakage
current by two-order magnitude (28 pA with blocking layer compared to 1.8 nA without
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blocking layer at 500V bias). For the device with gold top electrode and Al/Al 2O3 bottom
electrode, a resistivity of ~1012 cm was observed. This resistivity value is one order of
magnitude higher compared to the devices with gold top and bottom contact and without
an electron blocking layer. This is very promising result, which can further improve the
performance of Li-doped a-Se (As, Cl) detectors by reducing leakage current significantly.
The leakage current reduced further by adding a hole-blocking Sb2S3/Au layer and the
resulting resistivity was in the range of 1013 -cm.

Au semitransparent film
Li-doped a-Se (As, Cl) film
Oxidized Al/Al2O3 bottom contact

Figure 3.23. Current-voltage characteristics of an Li-doped a-Se (As, Cl) detector with
Al/Al2O3 electron blocking layer and with semitransparent gold (Au) top contact and
bottom aluminum contact.

3.7.2 Metal Contact Study for High Barrier Schottky Devices
To maintain the low dark (leakage) current levels for high-resolution neutron
detector, the top metal contact should form a Schottky contact with the alloy film to form
a high barrier height at metal-semiconductor interface. High barrier height in rectifying
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Schottky contact restricts carrier movements at the interface allowing easy current flow in
the forward direction and little current flow in the reverse direction, hence low dark or
leakage current. The barrier height (
difference between metal work function (
=

) at the metal-semiconductor interface is the
) and semiconductor work function (

):
(3.5)

−

In general, a metal form a Schottky contact with a p-type semiconductor (such as
a-Se) if the condition
selenium (

<

is met [70]. Due to high work function of amorphous

~5.9 eV), very few common metals meet this condition (

< 5.9 eV).

Moreover, the complex physical properties of a-Se and unpredictable metal/a-Se junction
interface mechanisms make the task of finding a suitable metal for stable Schottky contact
more challenging. Hence, various metals were investigated to identify those that will form
stable high-barrier Schottky top contact with Li-doped a- Se (As, Cl) alloy film. The
voltage dependent current, I(V), in a metal-semiconductor Schottky junction is:

( )=
where

(

− 1)

(3.6)

is reverse saturation current, V is the applied voltage,

is electronic charge (1.6 × 10-19 C),

is diode ideality factor,

is Boltzmann constant (8.62 × 10-5 eV/K), and

is

absolute temperature (°K). The reverse saturation current of the metal-semiconductor
Schottky junction with diode area (A) is given by:

=
where

∗

(3.7)

is the Schottky barrier height, and

∗

is the effective Richardson constant. Taking

logarithm, Equation 3.6 yields following straight-line equation:

( )=

+

( )

(3.8)
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Thus using logarithmic plot of measured current vs. applied voltage, reversesaturation current (dark leakage current) is determined from the intercept at V = 0. The
slope of the plot provides Schottky diode ideality factor, a measure of how closely the
working diode is performing compared to its theoretical limit. A value of unity (n = 1)
demonstrates a perfect Schottky diode.

This Schottky diode analysis was used to

investigate different top metal contacts for Li-doped a-Se (AS, Cl) alloy films.
Contact studies were carried out to investigate the junction properties between a
wide variety of metals with different work functions (Au, Ni, W, Pd, Cu, Mo, In, and Sn)
and Li-doped a-Se (As, Cl) alloy film. Table 3.2 provides the work function values of the
metals investigated. Metals with work function,

, lower than Se work function of 5.9 eV

were chosen since they are expected to form Schottky contacts with p-type Li-doped a-Se
(As, Cl) alloy film. The aim was to investigate whether the choice of metal can improve
the signal-to-noise ratio thereby performance of the detector by minimizing the dark
leakage current. Metal deposition has been carried out by RF/DC 13.56 MHz frequency
sputtering unit in argon ambient. Figure 3.24 shows a monolithic 3x3 array of metal
contacts (M-S-M device structures) for contact study. Current-voltage (I-V) characteristics
of a few studied metals are shown in Figure 3.25.
Table 3.2 List of metals with work functions used for Schottky barrier contact study.
Metal

Work functions, m (eV) Metal

Work functions, m (eV)

Au

5.1

Cu

4.65

Ni

5.15

Mo

4.37

Pd

5.12

In

4.12

W

4.55

Sn

4.42
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(a)
Upper left: gold (Au); upper right: nickel
(Ni); lower left: Tungsten (W); and lower
right: palladium (Pd)

(b)
Upper left: copper (Cu); upper right:
molybdenum (Mo); lower left: indium(In);
and lower right: tin (Sn).

Figure 3.24 Metal contacts (monolithic 3×3 arrays) on 10×10 cm 2 (4×4 sq. inches)
Li- doped Se (As, Cl) thin film deposited on ITO-coated glass substrate.

For the top metal contacts, we have found significant dependencies of metal work
functions on current transients following application of voltages from -1000 to 1000 volts.
I-V characteristics show very low leakage currents in the forward and reverse biases. The
performances of Ni and W contacts show lowest leakage currents (~ 10 -11A at -800V).
Forward bias voltage degradations were observed for some contacts especially with Ni, Pd,
Cu, and Sn contacts. By evaluating the barrier height dependency on the metal work
function, we were able to estimate the space charge densities by using time of flight (TOF)
measurements. Capacitance-voltage (C-V) characteristics was measured on a-Se films
with three selected Schottky barrier metals namely palladium (Pd), tungsten (W), and gold
(Au). The C-V results show high Schottky barrier height ( 1.2 eV at 300K) and diode
ideality factors between 1.1 and 1.3.
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(In)

(Sn)

(Mo)

(Cu)

Figure 3.25. Current-voltage characteristics of various metals. I-V characteristics
show very low leakage currents in the forward and reverse biases.

Figure 3.26 shows the current-voltage (I-V) characteristics of 6Li-Se alloy detectors
with four different 100 nm thick, circular, gold (Au) top contacts (identified as S 0-38, S
49-59, S 59-70, and S 70-80 respectively) to show their uniformities. The resistivities were
found to be similar and in the range of 2 - 4 x 1011 Ω-cm at 1000 V bias. The overall spread
of measured resistivity values is fairly narrow, meaning good reproducibility and
uniformity of the fabricated detectors. The results also indicated low leakage currents (1525 nA at 1000V).
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Figure 3.26. Current-voltage characteristics of 6Li-Se alloy
detectors S 0-38, S 49-59, S 59-70, and S 70-80 respectively.

3.8 NEUTRON DETECTION TESTING OF LI-DOPED A-SELENIUM DETECTOR
3.8.1 Neutron Detection Testing Setup
Nuclear radiation detection testing instrumentation consisted of preamplifiers,
shaping amplifiers, and multi-channel analyzers (MCA). Figure 3.27 shows the schematic
diagram of the standard nuclear testing setup. Figure 3.28 and Figure 3.29 show pictures
of the detection testing setup and a detector testing stage. The detector device was mounted
on an insulating alumina plate, onto a stud inside an EMI shielded aluminum box, which
was constantly evacuated using a rotary pump in order to minimize scattering. The top
metal contact electrode of the detector was exposed to irradiation with a nuclear radiation
source. The detector was biased using a Canberra 3102D high voltage power supply. The
detectors front and back contacts were electrically connected to a charge sensitive
preamplifier (Princeton Gamma-Tech RG-11B/C-RT preamplifier).
The signal generated by a radiation capture event, is converted to a voltage signal
by a preamplifier, and sent to a shaping amplifier (Canberra 2022 linear amplifier) using
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standard BNC cables. The shaping amplifier spends a certain amount of time measuring
the signal, which is known as the shaping time, and shapes signal output by filtering as
much noise as possible while preserving information about the radiation energy countered
by the detector. After shaping, the amplified pulses are sent to a multi-channel analyzer
(MCA), which converts the analog signals into digital information. A Canberra Multiport
II multichannel analyzer and evaluated using Genie-2000 software was used for this step.
The information recorded by MCA is in the form of “pulse height” acquired within a given
energy range generating a histogram called pulse height spectrum” (PHS). PHS provides
the count of radioactive photons interacted with the detector in a given energy window.
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Figure 3.27 Schematic of nuclear radiation detection testing setup.
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Various parameters within a detection system, such as the gain of the preamplifier
and shaping amplifier, the shaping time of the amplifier, and the noise present in the
system, contribute to total noise in the pulse height spectrum (PHS). Thus prior to detection
testing, the system was calibrated in terms of noise performance. In order to correlate the
pulse height of a detection signal with its corresponding energy, calibration was performed
under the same settings and similar configuration as the setup used to test a radiation
detector. The detection set up was calibrated using a pulser, which generates waveforms
and simulates the output of a radiation detector.

Figure 3.28 Radiation detector characterization
set-up and front-end electronics.

Figure 3.29 Detector testing stage inside an EMI shielded
aluminum box.
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3.8.2 Detector Testing Using Alpha Particles
Thermal neutrons when are captured by lithium (6Li3) nucleus undergo an (n, t, )
nuclear reaction, producing two daughter particles tritium (3H1) and α-particle as shown in
Equation 3.1. Thus radiation response of the fabricated Li-doped a-Se (As, Cl) detector
was first tested by irradiating the detector with an uncollimated 0.9 Ci 241Am source (peak
energies: 60 keV for  and 5.5 MeV for  particles) at room temperature (~300 K). Alpha
particles were employed as a surrogate for neutrons because of the comparative
radiological ease of use of small alpha sources. The detectors were tested and radiation
spectrum was taken by using standard nuclear instrumentation consisting of a preamplifier,
shaping amplifier and multi-channel analyzers (MCA) as explained in the Section 3.8.1.
First, the detector responses were recorded without applied bias, as expected no
signal was produced.

Then the detector was biased at -1000V and tested at room

temperature (300K) using the

241

Am source as described above. Figure 3.30 shows the

pulse height spectrum produced by Li-doped a-Se (As, Cl) alloy film detector with

241

Am

radiation source. The spectrum completely vanished and counts became background
noises by blocking the alpha particles using an A4 white paper, confirming that observed
detector’s response is due to alpha particles only. The spectrum clearly demonstrated for
the first time a new solid-state neutron detector based on Li-doped a Se (As, Cl) material.
Figure 3.31 compares detector performance between devices without electron
blocking layer and with Al/Al2O3 electron blocking layer. From the pulse height spectra,
it is clear that the detector with electron blocking layer shows a higher signal to noise ratio
by comparing counts between no source and with

241

Am source. Detectors with hole

blocking layer Au/Sb2S3 did not improve the detection performance significantly. It is
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probably because the deposition of antimony sulfide layer is not optimized and further
investigation is needed.

120

~0.9 Ci 241Am source
Bias: - 1000V,
Coarse gain: 25,
Fine gain: 5-00,
Shaping time: 2 µs,
Acquisition time: 180 s
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Figure 3.30. Pulse height spectrum of Li-doped a-Se alloy detector under 241Am
source. By comparing response with gamma radiation, it is clear that the peak is
distinctive signal of α-radiation.
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Figure 3.31. Response to 241Am source for detector without electron blocking layer
(a) and with electron blocking layer (b); Bias: -1000V, Coarse gain: 30, Fine gain:
3-00, Shaping time: 0.5 s, Acquisition time: 60s)
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3.8.3 Detector Testing Using Neutron Source
After initial testing with alpha particles, detectors were tested with 0.7 Ci

252

Cf

neutron source. Figure 3.32 shows the detection testing systems. Figure 3.33 shows the
detection spectrum of Li-doped a- Se (As, Cl) alloy detector under 0.7 Ci

252

Cf source.

The spectrum clearly shows two characteristic peaks of thermal neutrons via 6Li (n, alpha)
reaction. A stack of four 0.25 high-density polyethylene (HDPE) moderator was placed
at ~3cm from the source to thermalize the fast neutrons. By comparing spectra of no filter
with that of a HDPE filter, PHS counts were observed due to fast neutrons and thermal
neutrons, respectively.

(a)

(b)

Figure 3.32 Picture of detection system, which is situated outside of the neutron source
vault chamber (a) and detector electronics and sample box is placed within the neutron
vault chamber and are placed below the neutron source (b).
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Figure 3.33 PHS of Li-doped a-Se (As, Cl) alloy detector using 252Cf neutron source.
(Bias: -700V, Coarse gain: 30, Fine gain: 4-00, Shaping time: 1 µs and 0.5 s,
Acquisition time: 120 s)
Next Li-doped a-Se (As. Cl) alloy detectors were evaluated with various gains and
shaping time settings to optimize resolution; as above 0.7 Ci 252Cf source and a stack of
four 0.25 inches of high density polyethylene (HDPE) moderator were used. For these
experiments, the detector was biased at 400 V and acquisition time was set at 120 sec. The
results are shown in Figure 3.34 (spectra in the left). As can be seen from the spectra, the
shorter shaping time provides a sharper peak with higher resolution. A gain at 3 and
shaping time at 0.5 s provide the best response. Li-Se detector was further tested at
different bias voltages with an acquisition time of 120 sec. The results are also shown in
Figure 3.34 (spectra in the right). The peak shifted with voltages at expected. These PHS
spectra clearly demonstrated, for the first time, thermal neutron detection by Li-doped
a-Se (As, Cl) alloy detectors.
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Figure 3.34. Detection spectra of Li–doped a-Se-alloy
detector under 0.7 Ci 252Cf source: (top) spectra for detector
biased at 400 V and with various gains and shaping times;
(bottom) spectra with different bias voltages and with gain at
3 and shaping time at 0.5 s. Acquisition time was set at 120
sec and a stack of four 0.25” high-density polyethylene
(HDPE) moderator were used for these testing.
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CHAPTER 4
CONCLUSION AND SUGGESTED FUTURE WORK
The dissertation study has undertaken research in two areas: (1) development of a
sustainable photo-absorber for thin film solar cell and (2) development of a new
semiconductor alloy material for solid-state neutron detector. Despite of their specific
applications, the efforts are quite comparable as both follow similar research path –
material growth, film deposition, film characterization, device fabrication, and finally,
device testing. In both cases, the basic opto-electrical device is based on thin-film
technology, and a low-cost, less-complex thin-film deposition technique was explored.
Both study used characterization techniques such as scanning electron microscopy (SEM),
Raman analysis, x-ray diffraction, x-ray photoemission spectroscopy, optical absorption,
and current-voltage measurements etc. for assessing physical, optical, and electrical
properties. Nevertheless, the discrete applications of semiconductor devices imposes
certain requirements for the semiconductor material and fabricated device, which have
been explored at a great extent during the dissertation study. This concluding section,
therefore, summarizes the results for each research area separately and draws conclusion
accordingly. At the end, some recommendations for future work in both area are presented.
4.1 CONCLUSION FROM CZTS THIN FILM SOLAR CELL RESEARCH
The realization of sustainable, economically competitive CZTS/CdS thin-film
heterojunction solar cell to support growing global energy demand was a major impetus
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for this dissertation work. Hence a comprehensive investigation has been undertaken on
the fabrication of solar absorber material using a low-cost route and subsequent
characterization of solar cell for identification of the performance limiting factors that may
lead to further improvement of CZTS-based photovoltaic devices.
CZTS photo absorber thin film was fabricated, from aqueous solutions of CuCl,
ZnCl2, SnCl4 and thiourea, by employing low-cost, high-throughput spray pyrolysis
technique, followed by sulfurization. Spray deposition was carried out on Mo coated sodalime glass (SLG) substrate at three different substrate temperatures of 300°C, 380°C and
450°C, with varying precursor concentrations. Sulfurization was carried out at 550°C
under 5% H2S flow in HP N2 (flow rate 10 sccm) for 5 hour.
X-ray diffraction peaks confirmed kesterite structure of deposited CZTS film with
a preferred orientation along [112] direction. X-ray photoelectron spectroscopy (XPS)
spectrum exhibited core level photoelectron peaks from all four constituent elements and
Cu (I), Zn (II), Sn (IV), and S (II) oxidation states were recognized. Scanning electron
microscopy (SEM) image showed as-deposited film surfaces were initially rough and
contained big particulates, but individual grains merged together and formed a smoother
surface after sulfurization. Energy dispersive analysis by x-rays (EDX) data reveled that
as-deposited films were sulfur deficient and copper rich. After sulfurization, the copper
content was reduced for all films and sulfur content was increased, making the films more
stoichiometric. All films, after sulfurization, showed an optical bandgap within a range of
1.4 - 1.55 eV, however, without sulfurization the effective bandgaps were >1.6 eV. This
indicated presence of binary or ternary sulfide such as Cu xS, SnSx, and/or CuxSnSy in the
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as-deposited film. Therefore, it can be concluded that post-deposition sulfurization is an
important step to achieve high quality photovoltaic grade CZTS films.
The ‘sulfurized’ CZTS films that was deposited at 380°C substrate temperature
demonstrated the best stoichiometry, along with very good structural, and optical properties
and were used for fabrication of CZTS/CdS heterojunction solar cells. The best performing
CZTS cell exhibited an open-circuit voltage (VOC) of 509 mV and a short-circuit current
density (JSC) of 11.8 mA/cm2. The maximum power delivered by a single cell (~0.42 cm2
area) with AM 1.5G simulated illumination (power density 100 mW/cm 2) was 0.911 mW.
the fill factor, FF, was determined to be 36.2% and resulting efficiency was deduced to be
η = 2.17% under AM 1.5G illumination measured at 297K.
The reverse saturation current was estimated to be 1.8×10 -2 mA, and diode ideality
factor to be ~5.4. These high values indicate presence of low shunt resistance (R sh), which
is due to presence of lattice defects in the bulk semiconductor and at the interfaces causing
high leakage current on the edges of the cell. Solar cell current-voltage characteristics also
indicated presence of a large series resistance (Rs). Both low shunt resistance and high
series resistance degrades fill factor and consequently efficiency of the solar cell.
The results indicated that the earth abundant, non-toxic CZTS based heterojunction
solar cells can be fabricated by a low-cost spraying technique for roll-to-roll commercial
production. However, further studies are necessary to address losses due to shunt and
series resistance in order to improve photoconversion efficiency.
4.2 CONCLUSION FROM LI-DOPED AMORPHOUS SELENIUM ALLOY FILM RESEARCH
In this dissertation research, feasibility of a new thermal neutron detector based on
lithium-doped a-Se (As, Cl) semiconductor film was investigated. Monodispersed alloy
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materials with up to 28 a/o lithium doping concentration were synthesized.

The

segregation of lithium atomic species (precipitations of Li, or Li 2Se) within the dispersed
alloy materials had been avoided using successive alloy synthesis with increased Li-doping
concentration in multiple master alloy matrix. This was a major challenge in Li-Se alloy
synthesis step. The material characterization by x-ray diffraction (XRD) analysis showed
amorphous structure of Se alloy and absence of any extraneous phases.
Alloy films up to an area of 1010 cm2 with a thickness of ~500 m were deposited
using 28 a/o Li-doped a-Se (0.52% As, 5 ppm Cl) alloy materials on prefabricated oxidized
aluminum (Al2O3/Al) and on ITO coated glass substrates. A series of film deposition
experiments and subsequent characterization have been carried out to identify optimum
deposition process.

During film deposition, the induced polycrystallinity issue was

mitigated by changing the heat flux distribution of the substrate holder and by using a slow
deposition rate and low ramp-down cooling rate.
The alloy films have good bulk properties and free from parasitic or extrinsic
defects. Structural analysis with Raman spectroscopy revealed presence of helical and
string chains of the structures present in amorphous selenium Se 8 ring, further confirming
the amorphous structure, which is essential for high-performance device with very low
leakage current (noise). Physical and optical properties like melting point, crystallization
temperature, stoichiometry, energy bandgap, etc. were determined using characterization
tools such as differential scanning calorimetry (DSC), x-ray photon spectroscopy (XPS),
optical absorption analysis. The observed values were in good agreement with what are
found in the literature.
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Contact studies were carried out using different metals (Au, Ni, W, In, Sn, Cu, Mo
and Pd) with various work functions to evaluate best metal to form high barrier Schottky
junction with Li-doped a-Se (As, Cl) alloy in order to obtain a very low leakage current.
Ni, Pd, and W contacts show lowest leakage currents (~ 10-11A at -800V). Current-voltage
characteristic showed the dark current is <1 nA at high biases (forward and reverse) up to
about ±900V because of the fabricated detectors were completely amorphous keeping very
high resistivity (>1012 Ω-cm). Device with Al/Al2O3 layer as an electron blocking layer
and/or Sb2S3 as a hole-blocking layer further reduced the leakage current of the device and
improved performance by controlling carrier transport.
Finally, single and multi-element 1010 cm2 detectors were tested for neutron
responses using

241

Am (alpha particles) and moderated

252

Cf (thermal neutron) sources

with varying gains, shaping times, and bias voltages. The pulse height spectra clearly
showed -particles (241Am, a surrogate of neutron) and thermal neutron response.
Thus, this dissertation work clearly demonstrated, for the first time, feasibility of
Li-doped a-Se (As, Cl) alloy detectors for thermal neutron detection.

When fully

developed, such detector would find widespread applications in radiation safety and
nuclear non-proliferation, environmental monitoring, material research, and astronomy.
4.3 FUTURE WORK RECOMMENDED FOR CZTS SOLAR CELL RESEARCH
Following important future works are suggested based on the findings of this
dissertation research:


Improvement of the CZTS solar cell efficiency can be achieved by further
optimization of the composition and process parameters of CZTS films. Such study
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will narrow down the range of composition and will ensure reproducibility to
fabricate high efficiency solar cells.


In this dissertation, CZTS solar cells have been fabricated by a two-step process
and the solar cell characteristics are not compared with our high-efficiency CZTSSe
solar cells being developed in our laboratory through thermal evaporation and coevaporation process. For detailed comparison, cells with CZTSSe absorber films
should be prepared by spray pyrolysis and subsequent H2S + H2Se annealing
process. This will allow a direct comparison of the cell performance with the
absorber layer composition and absorber film fabrication method. Also, this study
can be extended for purely selenide based CZTSe devices in the future.



Defect studies could be carried out through our existing DLTS studies in our
laboratory. To understand defect levels and generation-recombination mechanism
within the fabricated CZTS solar cells, the DLTS measurements could be carried
out in both capacitance and current-mode. Sensitive capacitance-mode DLTS (CDLTS) measurement could reveal other defect levels that possibly could not be
identified by I-DLTS. Thus, defect studies using DLTS technique is suggested.



Impedance spectroscopy (IS) could be carried out at room temperature under dark
condition to analyze equivalent circuits and to estimate series and shunt resistances.
A temperature dependent IS study is also suggested for future that can reveal many
other important information of the CZTS/CdS solar cells including deep and
shallow defect levels. This investigation may also lead to a deeper understanding
of CZTS film growth mechanism.
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4.4 FUTURE WORK RECOMMENDED FOR A-SELENIUM NEUTRON DETECTORS
Following future works are recommended for a-Se detector research based on the
findings of this dissertation work:


We have investigated enriched lithium (6Li) doped a-Se detectors for thermal
neutron detection. It has been learnt that better performance may be achieved with
10

B-doped a-Se alloy detector and the reasons for the better performance with

devices are multiple, including: (1)

10

10

B

B has a factor of ~4 higher thermal neutron

cross section (3840 barns) ( for 6Li = 936 barns, 1 barn = 10-24 cm2) in doped a-Se.
In principle it could outperform 6Li provided similar concentrations can be achieved
and depletion region for 6Li case cannot be extended to benefit from full detection
of the reaction products. (2) The energies for 10B reaction products are much higher
than that of 6Li, thereby, allowing for easier discrimination of background
radiations. So, it would interesting to investigate 10B -doped a-Se (As, Cl) bulk alloy
detectors for thermal neutron detectors in future studies. We could plan to carry out
comparative studies with two dopants (6Li and

10

B) with similar doping

concentrations and select the best performing detector for further development.


In our laboratory, we have characterized deep levels through deep level transient
spectroscopy (DLTS) measurements on 4H-SiC based alpha, low energy x-ray, and
gamma-ray detectors. This DLTS measurements in capacitance (C-DLTS) and
current mode (I-DLTS) will be highly useful to evaluate, characterize, and to
optimize the performance of the fabricated enriched Li-doped a-Se detectors. Some
of the fabricated a-Se detectors showed structural defects and induced
crystallization (resulting to low resistivity) at the interface and within the bulk alloy

86

films. This was mainly due to the strain induced during the slow deposition and
cooling of the deposited a-Se (6Li, As, Cl) films and non-uniform temperature
distribution. The shallow and deep lying defects due to inclusions/precipitates,
imperfections, point defects, and localized polycrystallinity (grain boundaries)
could be thoroughly evaluated through DLTS measurements.


A future research could be planned to focus on electronic noise analysis of the frontend readout electronics in terms of equivalent noise charge (ENC) to study the
effect of various noise components that contribute to the total electronic noise in
the detector and the detection system. We could carry out research on lowering
detector capacitance without reducing the detector active area by varying the
detector active thickness. An electronic noise analysis of the detection system will
reveal the possibility of achieving better energy resolution by lowering the detector
capacitance. This will reveal the white series noise due to the total input capacitance
which may have substantial effect on detector performance.



In this dissertation, we have investigated only the planar detector structures. For
future efforts, it would be interesting to study multiple pixel, co-planar, guard-ring,
and Frisch grid detector structures and compare performance evaluation to the
planar detector in order to achieve highest efficiency neutron detectors with high
signal to noise ratio.
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